Sorption and diffusion of caesium in some nuclear graphites. by Mehew, R. D.
        
University of Bath
PHD








If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk
General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Download date: 11. May. 2021
SORPTION AND DIFFUSION OF CAESIUM 
IN SOME NUCLEAR GRAPHITES
submitted by R.D.Mehew 
for the degree of Ph.D. 
of the U niversity of Bath 
197U
COPYRIGHT
"Attention is  drawn to  the fact that copyright of th is  th e s is  
r e sts  w ith i t s  author. This copy of the th es is  has been 
supplied on condition that anyone who consults i t  i s  understood 
to  recognise that i t s  copyright rests  w ith i t s  author and that no 
quotation frcra the th es is  and no information derived from i t  may 
be published without the prior w ritten  consent of the author."
"This th e s is  may be made availab le for consultation  w ith in  the 
U niversity Library and may be photocopied or len t  to  other 
lib r a r ie s  for the purposes of consultation ."
TELEPEN 
60 7307491 4 '
ProQuest Number: U413919
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest.
ProQuest U413919
Published by ProQuest LLC(2015). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
7 3 -  0 7  4  y  1
To the memory of my mother
Acknowledgements
Thanks are due to  the OECD Dragon Project who supported 
th is  work f in a n c ia lly  and in  particular to  Dr L.W .Graham 
and Dr H.Hick for continued in ter est and helpfu l d iscu ssion s. 
The aid of Dr S .L .F.Richards in programing the numerical 
so lu tion  method of Chapter V.H is  g ra tefu lly  acknowledged.
I  would a lso  lik e  to  thank my supervisor. Dr B.McEnaney for 
his continued support and help, esp ec ia lly  during the times 
when progress seemed so small and success so d is ta n t.
F inally  1 wish to  thank my father for  his u n fa ilin g  support, 
which made a l l  th is  p o ss ib le .
ii
The firm determination to submit to  experiment i s  not enough, 
there are s t i l l  dangerous hypotheses; f i r s t ,  and above a l l ,  
those which are ta c it  and unconscious. Since we make them 




The sorption and d iffu sion  of caesium in  two nuclear 
graphites at a concentration range o f 5 x 10”'" to  10 atom % 
and at temperatures in  the range ^00 to  l400,K has been studied  
using a microgravlmetric desorption technique. Concentration 
p r o file s  have been obtained at various stages in an adsorption, 
heat treatment^ desorption programme by electron  probe micro­
a n a ly sis . The desorption curves consisted  o f an i n i t i a l  fa s t  
period controlled  by evaporation o f caesium from the surface, 
followed by a slow rate, controlled  by d iffu sio n  from the bulk 
of the graphite. The desorption curves were analysed to  obtain  
d iffu sio n  c o e ffic ien ts  by several techniques and the v a lid ity  o f  
each method i s  considered. The e f fe c ts  o f  a non-uniform 
concentration of caesium and a surface evaporation step on the 
transport of caesium in  the graphite were a lso  considered. The 
concentration p r o file s  for caesium in  graphite, found by electron  
probe m icroanalysis, showed evidence of a complex mechanism for  
transport o f caesium in  graphite with apparent v io la tio n s  o f  
P ick ’s Law. This behaviour was q u a lita tiv e ly  explained in terms 
o f a two part d iffu sion  mechanism combined with surface evaporation. 
Slow d iffu sion  in  g ilso n ite  graphite was described by log(D) = -5 .1  
157000/ 2.505 BT. Desorption from the fin e  grain graphite was 
controlled  by mixed d iffu sio n . Evidence fo r  s e n s it iv ity  of  
d iffu sio n  co e ffic ie n ts  to  graphite structure and thermal h istory  
was found, although.no evidence for  the dependence o f d iffu sio n  
c o e ffic ie n ts  upon the concentration o f caesium was found. The 
construction of a Knudsen double cell-m ass spectrometer apparatus 
designed to  measure caesium-graphite equilibrium vapour pressures 
i s  a lso  described.
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CHAPTER I  ^
INTRODUCTION
The OECD Dragon high temperature gas cooled nuclear reactor  
represents one p ossib le  design of the next generation of nuclear 
reactors. The basic, philosophy o f the design is  the provision of  
increased fu e l and primary c ir c u it  coolant temperatures leading to  
more e f f ic ie n t  power generation than i s  p ossib le  in carbon dioxide  
cooled nuclear reactors such as the Magnox and Advanced Gas Cooled 
reactors (AGR). Problems of m aterials s t a b i l i t y  and corrosion  
resu ltin g  from high temperatures are considerably reduced by the use 
of helium as the primary c ir c u it  coolant, graphite as the p rincipal 
structural element w ithin the reactor core and a ceramic fu e l.  The 
fu e l is  in  the form o f microspheres which are coated with pyrocarbon- 
s il ic o n  carbide la y ers , which retain  f is s io n  products. The micro­
spheres are dispersed in  an annular graphite matrix, the fu e l element, 
which is  loaded in  a graphite fu e l rod. The helium coolant i s  
divided in to  two streams; one, the purge stream, flows w ithin the 
fu e l rod and is  in intim ate contact with the fu e l elements; the- 
other, the primary c ir c u it  coolant, flows around the fu e l rods and 
transfers heat to  the heat exchangers. The purge stream leads 
d ir ec tly  to  a helium clean-up plant where f is s io n  product trapping 
occurs.
One o f the major problems o f nuclear reactors i s  the release  of 
f is s io n  products from the fu e l elem ents. Release o f f is s io n  
products to  the primary c ir c u it  coolant may cause ’p la te  out* o f  
condensable f is s io n  products on heat exchangers and coolant 
c ircu la to rs, which must be maintained at a low le v e l  of a c t iv ity  to  
remain accessib le  for serv ic in g . The p o s s ib il ity  o f accidental lo ss
o f primary coolant by leakage may cause f is s io n  products to  escape 
in to  the atmosphere. A lso, the problems associated  with the f in a l  
shut down of the reactor are reduced i f  a low le v e l  o f f is s io n  
product contamination o f the primary c ir c u it  has been maintained 
throughout the reactor's l i f e  tim e.
The attainment o f a low le v e l  o f  f is s io n  product release from 
the fu e l elements and a subsequent low concentration le v e l throughout 
the coolant c ir c u it  has been achieved in the Dragon reactor prim arily  
by the development o f a very low perm eability pyrocarbon-silicon  
carbide coating for the p a r tic le  fu e l.  Analysis of irrad iated  fu e l 
elements has shown that the dominating factor con tro llin g  the release  
o f f is s io n  products from the coated fu e l p a r tic le s  i s  the proportion 
o f d efective  coatings resu ltin g  from manufacture and from fa ilu r e  o f  
coatings under operating conditions, Nabielek e t  a l . (1975)» Indeed 
no release of f is s io n  products from an in ta ct pyrocarbon-silicon  
carbide coated fu el p a r tic le  has been observed, Graham (1970). The 
contribution due to  other factors is  very much sm aller. For instance, 
contamination of the coated fu e l p a r tic le s  by free uranium is  
equivalent to  one broken p a rtic le  in one m illio n , as against a le v e l  
of one broken p a r tic le  in  ten thousand for d efective  coatings, Graham 
(1970) .  Although the fu e l p a r tic le  coating provides a very e f f ic ie n t  
b arrier for retention  o f f is s io n  products, the various graphites 
within the fu el tube afford an important secondary barrier for ' 
retention  o f f is s io n  products released from the small but f in i t e  
fraction  o f d efective  p a r t ic le s .
Although much data on f is s io n  product release has been obtained 
from operating experience of the Dragon reactor, and information on 
d iffu sio n  and sorption o f f is s io n  products is  provided by post
irrad iation  examination of fu e l rods, many factors combine to  make 
the in terpretation  o f the data d i f f ic u l t .  I t  is  thus necessary to  
perform experiments outside the reactor in  order to  obtain basic  
data on the transport of f is s io n  products through nuclear graphites, 
in  order to  provide a b asis for confident in terpretation  o f  
information provided by reactor experience. I t  is  for th is  reason 
that the present work was luidertaken.
I . l  The Aims of the present work
Of the many f is s io n  products that are produced, post irrad iation  
examination and other work have shown that caesium, strontium and 
s i lv e r  are the most important o f non-gaseous f is s io n  products.
Flowers e t  a l .  (1972). Of these three elem ents, caesium 157 has 
a l i f e  time o f 50 years and a lso , being a gamma ray em itter presents 
a serious long-term rad io log ica l problem. The work reported in  
th is  th e s is  was therefore commissioned to  in v estig a te  sorption and 
d iffu sio n  o f caesium in  various nuclear graphites at temperatures 
relevant to  the operation of the Dragon reactor.
In consultation with members of the Dragon p roject, i t  was 
proposed to  study sorption and d iffu sion  o f caesium in graphites in  
the temperature range 970 to  1570 K, and at concentrations o f caesium 
in  graphite of the order of milligrams per gram, using m icrogravi­
metric techniques and electron  probe m icroanalysis. I n i t ia l ly ,  i t  
was proposed to  make preliminary measurements o f caesium-graphite 
eq u ilib r ia  using a g la s s - s i l ic a  microgravimetric apparatus and to  
follow  up th is  work with a high purity study using an u ltra  high 
vacuum (UHV) microgravimetric apparatus. However, serious problems 
were encountered in attempting to  measure caesium-graphite eq u ilib r ia  
with the g la s s - s i l ic a  microgravimetric apparatus and methods were
therefore devised to  measure d iffu sion  of caesium in  graphite 
from rates o f desorption. I t  vas subsequently decided to  develop 
a Knudsen cell-m ass spectrometer technique using the UHV apparatus 
to  attempt to  measure caesium-graphite eq u ilib r ia . In addition  
the movement o f caesium throu^  graphites before and a fte r  
derorption was monitored by electron  probe m icroanalysis o f caesiuir 
concentration p r o file s  in  the graphites. Hence i t  was hoped that 
analysis of dynamic and equilibrium caesium-graphite systems would 
lead to  an understanding o f sorption and d iffu sion  mechanisms. 
Comparison o f data from various nuclear graphites used in the Dragon 
reactor would allow assessment of various possib le d iffu sio n  modes 
to  be made, and hence provide u sefu l data for extrapolation o f  
sorption and d iffu sion  ch aracter istics  to  other nuclear graphites.
1 .2  The structure o f the th esis
The structure o f the th es is  is  based upon tra d itio n a l l in e s .
The follow ing chapter contains a review of the liter a tu re  on the 
id en tif ic a tio n  and structure of caesium-graphite in terca la tion  
compounds, leading to  the postu lation  o f a reaction boundary below 
which cry sta l compounds are not formed. The chapter a lso  reviews 
the liter a tu re  on sorption and d iffu sion  o f caesium in graphites, 
most of which resu lts  from in vestigation s sponsored by nuclear 
technology. Chapter I II  is  concerned with the i n i t i a l  phase of 
the sorption experiments, which resu lts  in the development o f a 
preliminary analysis for extracting d iffu sion  c o e ff ic ie n ts  for  
caesium in graphite from rates o f desorption o f caesium. Chapter IV 
deals with the extension o f the microgravimetric experiments to  
include electron probe m icroanalysis o f caesium in the graphite
samples. The resu lts  o f  th is  combination o f techniques are * 
presented and analysed. Chapter V reports more gravimetric 
experiments on a second form of nuclear graphite. The analysis  
o f desorption rates i s  rigorously investigated  and two, more 
accurate a n a ly tica l methods are applied . A c r i t ic a l  an alysis of  
the various a n a ly tica l methods is  a lso  presented. Chapter VI 
contains a d iscu ssion  of the e f fe c t  o f non-uniform concentrations 
o f caesium in the graphite and a f in i t e  surface resistan ce upon 
the analysis o f  desorption data. A two part d iffu sio n  model for  
caesium in graphite i s  a lso  considered and the desorption curves 
obtained from the microgravimetric experiments are explained in  
terms o f these various e f f e c t s .  Chapter VII deals with the 
development o f the Knudsen cell-m ass spectrometer technique.
In Chapter VIII the resu lts  obtained and conclusions made are 
summarised and suggestions made o f areas for further work. Two 
appendices dealing with the character of the nuclear graphites 
and the e f fe c t  o f d iffu se  and specular r e flec tio n  on desorption  
rates are presented a t the end o f the th e s is .  Figures and 
tab les are included at the end o f th e ir  relevant chapters.
CHAPTER II  
A REVIEW OF THE LITERATURE
This review o f the lite r a tu r e  i s  in  three p arts. The f i r s t  
part deals with graphite -a lk a li metal systems formed in  the presence 
of high vapour pressures o f the m etal. I t  i s ,  therefore, concemed 
mainly with the h isto ry  o f the id e n tif ica tio n  and determination of  
the structure o f a lk a li m etal-graphite in terca la tion  compounds. 
Reference to  other a lk a li-m eta ls in addition to  caesium is  made, in  
order to  give a more comprehensive account. In the second part of  
the review the caesium-graphite eq u ilib r ia  at low pressures w il l  be 
considered, i . e .  a t pressures below the d isso c ia tio n  pressure of  
known caesium-graphite in terca la tion  compounds. The work in  th is
section  has la rg e ly  been carried out in connection with the release  
of caesium as a f is s io n  product in nuclear reactors.
The th ird  part o f th is  review deals with the d iffu sio n  o f  
caesium in  graphite. Since a l l  the work carried out in th is  section  
has been sponsored by nuclear technology, a considerable portion of  
the data obtained has been found under various unspecified  conditions, 
D iffu sion  o f caesium in  graphite is  considered, together with 
d iffu sio n  o f other f is s io n  products which help elucidate the 
transport o f caesium.
I I . 1 The Id e n tif ica tio n  and Structure of A lkali metal-Graphite 
In terca la tion  compounds
Fredenhagen and Cadenback (1926) were the f i r s t  to  report the 
in teraction  o f graphite with potassium, rubidium and caesium. They
reported the ex istence of three phases corresponding to  CgM and
Cî M where M is  the m etal. Further work by Fredenhagen and Suck 
( 1929) confirmed the existence o f these three compounds.
. They reported the formation at 575 K of a bronze-coloured  
product o f approximate composition CgM which decomposed on heating  
in  the range 655 to  675 K to  give a s ta b le , bluish-coloured product 
corresponding to  the approximate composition Ĉ ^M.
Schleede and Wellmann (1952) showed by X-ray d iffra c tio n  that 
both the reaction products CgM and were formed by in terca la tion
o f a lk a li metal atoms between the carbon layer planes o f graphite. 
They reported that the interplanar spacing of the graphite i s  
increased from 55^ to  595 pni by in terca la tion  of caesium. The 
structure o f CgM is  a regular array o f metal atoms arranged in  a 
triangular pattern so that they l i e  over the centres of the a lternate  
carbon hexagons, the carbon layer planes being orientated r e la tiv e  to  
each other as in hexagonal graphite, i . e .  in the packing sequence 
ABAB. This structure confirmed the formula CgM, when each layer  
plane o f the graphite i s  separated from i t s  neighbours by a plane of  
metal atoms. They a lso  assigned the same structure to  the compound 
Ci^M except that each layer o f metal atoms was separated by two 
graphite layer p lanes.
However, when RÜdorff and Schulze (195%) and Hérold (1951, 1955) 
re-examined th is  work, they both found that the postulated  
compound was not present. Rüdorff and Schulze reported that the 
blue compound formed by the in terca la tion  o f graphite by potassium, 
rubidium and caesium had a structure corresponding to  the formula 
Cĝ M. They a lso  confirmed the structure assigned to  CgM except that 
the sequence o f the graphite planes was AAAA and not ABAB as Schleede
and Wellmann had suggested# The AAAA arrangement i s  en erg etica lly  
more favourable since every metal atom has twelve eq u id istan t, 
nearest-nei^bour carbon atoms, whereas in the ABAB arrangement 
there is  one nearest-neighbour carbon atom, nine next-nearest and 
two at a further distance# In addition , RÜdorff and Schulze a lso  
showed the presence o f the d is t in c t  phases and C^M.
They proposed that the structure o f the f iv e  phases were sim ilar , 
d iffer in g  only in the layer plane sequence#
Herold (1955) investigated  the potassium-graphite system using  
an isobaric technique# Samples o f e ith e r  p urified  Ceylon flake  
graphite or Acheson graphite heated to  varying temperatures for  
vaying periods o f time were equilibrated  with a constant pressure of  
potassium vapour, the la t t e r  being maintained by holding liq u id  
potassium a t a constant temperature (525 K). The system was cooled  
and the graphite analysed for potassium# By th is  means an isobaric  
graph was compiled which shows two d is t in c t  phases corresponding to  
the composition CgK and C24K and an uncertain phase corresponding to  
Ĉ K̂# X-ray an alysis on the samples confirmed the structure of Ĉ K̂ 
reported by RÜdorff and Schulz.
Recent work by Parry (1971) on the structure o f CgCs has cast  
some doubt on the structure proposed by Schleede and Wellmann# 
Tentative analysis o f X-ray data points to  a completely d ifferen t  
structure, where the caesium atom is  associated  with a carbon-carbon 
bond, rather than the centre of the carbon hexagon#
I t  i s  o f in ter est to  note that w h ilst the compounds o f potassium, 
rubidium and caesium were made by simple mixing o f the metals with 
graphite, sodium and lithium  do not appear to  undergo a sim ilar
reaction when mixed with graphite* Fredenhagen and Suck (1929) 
reported a sodium compound formed by reaction with soot, but not with
graphite. Asher and Wilson (1958) were the f i r s t  to  report such a
compound of sodium and graphite having a composition of approximately 
C^Na to  C^gHa. Herold (1955) has a lso  reported compounds of  
li-f/iiura and graphite. He found compounds with various carbon/ 
lithium  ratios and with a lim itin g  ra tio  corresponding to  the 
compound. LigC^.
Ternary systems involving the a lk a li metals and graphite ha*» e 
been w ell reported, e sp e c ia lly  the ammonium-graphite-alkali metal 
system, RÜdorff (1959). A wide range o f physical and chemical 
properties of the a lk a li m etal-graphite compounds have a lso  been 
reported and the reviews by RÜdorff (1959), Croft ( i 960) ,  H ennig(l959), 
Hërold e t  a l .  ( 1967) and Novikov and V ol'pin (1971) give good 
summaries. Only those properties which are relevant to  the present
work w il l  be considered further in th is  review.
Since i 960, in ter e st  in  the caesium-graphite system has
increased because o f the importance o f caesium as a f is s io n  product
in  nuclear reactors. Bromley (1965) records th at a d isc  o f nuclear
grade graphite 10 mm diameter x 0 .1  mm th ick  which was exposed to  a
-2vapour pressure of caesium o f 153 mN m” had turned golden -brown 
a fter  20 hours and had cracked; a fte r  a further 2 hours a t a vapour 
pressure o f 67 N m“̂  the d isc  had completely d isin tegrated .
Salzano and Aronson (1964) in vestigated  the eq u ilib r ia  between 
a p yrolytic  graphite annealed at 5475 K and caesium. The uptake o f  
caesium by the graphite was monitored using a radioactive tracer  
technique and the caesium vapour pressure was varied by a lte r in g  the
temperature o f the caesium vapour source. By follow ing the 
variation  o f equilibrium  concentration o f caesium in  the graphite 
with caesium vapour pressure, evidence for a new phase of approximate 
composition C^^Cs was found. A change in the rate o f decanposition  
of CgCs was a lso  observed a t a concentration equivalent to  C^^Cs.
They suggested that the s e n s it iv ity  o f the techniques used by Hérold 
(1951, 1955) and RÜdorff and Schulze (1954) was not su f f ic ie n t  to  
d etect th is  phase. Salzano and Aronson have since reported the 
presence o f a sim ilar phase in  the potassium-graphite ( 1967(a )) and 
rubidium-graphite ( 1966(a)) systems. However, such a phase has not 
y et been reported in  e ith er  the lithium -graphite or the sodium- 
graphite systems.
Salzano and Aronson (1965(a )) followed th is  work with a d eta iled  
an alysis  o f the k in etic s  of the decomposition o f the caesium-graphite 
system over the composition range of CqCs to  below C^Cs, using the 
same radioactive tracer technique. Samples o f annealed p yro ly tic  
graphite o f d ifferen t s iz e s ,  and doped with caesium, were subjected  
to  various temperatures in the range 675 to  925 K and the 
decomposition o f the compounds was followed (figu re I I . l ) .
The existence of the new phase o f composition Ĉ qCs was v e r if ie d  
and a lso  changes in the rate o f decomposition at caesium 
concentrations equivalent to  Cĝ Ĉs, C ^^s, C^^Cs and C^Cs were 
observed. They a lso  noted that below C^^Cs the rate o f  
decomposition continued to  dim inish. Although they postu lated  the 
fo llow ing hypothetical reaction for  the decomposition o f C^Cs :
6Ĉ QCs (s) 5Cy2Cs (s) + Cs(g)
they could not resolve any phases below C^Cs. For each stage of
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the decomposition they derived the constants of the rate equation
W = U exp (-AH/ET) I I .  1
where W is  the rate o f decomposition and AH and U the activation  
energy and pre-exponential constant resp ectiv e ly . I t  was found 
that the activation  energy (155 kJ mol”̂ ) o f  the i n i t i a l  
decomposition stage ;
5 c Cs (s) C^gCs (s )  + Cs(g)
was greater than those fo r  the further stages o f decomposition, 
which were sim ilar to  each other (155-4 kJ mol“̂ ). I t  was a lso  
found that the rate o f decomposition was independent of the sample 
s iz e ,  except for the la rg est sample used.
Salzano and Aronson concluded that the decomposition o f the 
caesium-graphite system proceeds by a mechanism which allows the 
structure to  pass through the various equilibrium  compounds. Each 
lin ea r  portion o f the decomposition curve corresponds to a tra n sitio n  
from one phase to  another, the rate o f  removal o f caesium in  each 
two-phase region being constant. In order for  the caesium-graphite 
system to  decompose a t a lin ea r  ra te , the phase decomposing and that 
forming must be in equilibrium and the rate o f decomposition must be 
controlled  by the rate o f removal o f caesium from the surface layer. 
Further work on the same type of graphite by Salzano and Aronson 
(1965(b)) in vestigated  the thermodynamics o f the various phases 
using radioactive caesium and a Knudsen effu sion  c e l l  method. The 
resu lts  substantiated th e ir  analysis o f the k in etics  of decomposition. 
Later work by these authors ( 1966(b)) on Madagascar natural graphite 
cry sta ls  gave resu lts in very good agreement with those for annealed 
p yrolytic  graphite.
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On the basis of these r e su lts , Salzano and Aronson proposed a 
model for the bonding (1966(c ))  in  caesium-graphite compounds based 
on an e le c tr o s ta t ic  in teraction  o f caesium ions and the m eta l-lik e  
graphite layer p lanes. On the b a sis  o f th e ir  model, they 
calculated  the bonding energy, using an image force theory which 
was in c lo se  agreement with the value obtained from th e ir  
experimental r e su lts .
Using the general formula ^12 n > l  , Salzano and
Aronson ( 1966(b)) put forward the general equation :
û2C (n i- i)12^12Cs ( s )  + Cs (g)^.(i^'*^l)Q(n2-l)l2^12^®
to  describe the equilibrium between two successive compounds, where 
n^ = Ug + 1 .  Using th e ir  value for the bonding energy, Salzano and 
Aronson (1967(b)) deduced that the i n i t i a l  case o f compound formation 
resu ltin g  from the f i r s t  layer o f caesium to  penetrate in to  the 
graphite is  bounded by the equation
In (P m̂  N"l) = 9 .1  -  85OOA I I .2
This boundary and the corresponding boundaries o f the postulated  
equilibrium :
6C^Cs (s )  # :  5 C^^Cs (s )  + Cs (g) 
and o f the f in a l equilibrium*
5 CqCs (s ) (s )  + Cs (g)
are shown in figure I I . 2.
Thus for vapour pressures o f caesium and temperatures o f the 
graphite below the postulated boundary, the in teraction  of caesium
12
and graphite should he one o f adsorption eind bulk d iffu sio n  with no 
stoichiom etric compound formation. Although many reports o f the 
v io len t reaction of caesium on graphite and graphite cokes have been 
recorded, the d isin tegration  o f graphite samples a t temperatures
* o
above 1175 K subjected to  caesium vapour pressures below 1#5 kN m 
has not yet been recorded.
Merz and Scharf (1971) using rad ioactively  tagged caesium, 
followed the decomposition o f various caesium-graphite compounds at 
temperatures between 970 and 1575 K, using several types of nuclear 
graphite. The decomposition curves obtained were in agreement with 
e a r lie r  work o f Merz (1968) and showed a d e f in ite  reaction boundary 
near to  that postulated by Salzano and Aronson (figu re I I . 2 ) . I t  i s  
in terestin g  to  note, however, that two d is t in c t  boundaries were 
observed for the p yro ly tic  and reactor grade graphites, suggesting  
that the reactor grade graphite is  more susceptib le to  compound 
formation. The works of Yates and F itzpatrick  ( I 968) and De Beni 
e t  a l .  (1970) show a d e f in ite  reaction boundary a t a concentration  
le v e l  equivalent to  the compound Cgj^Cs. This may be attributed  to  
the use o f an in se n s itiv e  technique to  monitor caesium concentration  
le v e ls  and hence the isotherms found at lower concentrations do not 
show compound formation. Neither was any d ifferen ce found between 
the various graphites used.
I I . 2 Caesium-Graphite in teractions a t low Pressures and high 
Temperatures
The previous section  has been confined to  work involving high 
concentrations o f caesium where compound formation has d e f in ite ly  
occurred. This section  deals mainly with the work done a t lower 
concentration le v e ls ,  but w il l  include some work where compound
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formation has occurred.
Anderson e t  a l .  (1962) studied the adsorption o f caesium on
o
two activated  charcoals a t a caesium vapour pressure of 10” to  
2 -210 N m” over a temperature range o f 470 to  8jO K and found that 
adsorption varied with pressure according to  the Freundlich isotherm  
equation
P = K I I . 5
where C is  the concentration adsorbed at a pressure P and Kg and u
are constants. However, they noted a break in  the curve for one of
the charcoals at the h ighest loading, equivalent to  C^Cs, ando
reported that the technique may have been too in sen s itiv e  to  measure
the break for the other charcoal. More recen tly , Trofinov e t  a l .
( 1975) have observed a deviation  from the Fieundlich isotherm at
—2575 K and caesium vapour pressures greater than 1 N m” for  
adsorption o f caesium on three activated  charcoals.
Bromley and Moul (1964) conducted some experiments on the 
adsorption o f caesium on HX 10 graphite using a radioactive tracer  
technique. They obtained adsorption isotherms over a caesium
2 0
pressure range o f 15.4 kN m” to  1.55 N m” a t temperatures of 1275,
1472 and 1775 K. They found that monolayer formation occurred a t
—2a caesium vapour pressure o f around I 5 N m” and at a concentration  
o f 1 mg g"^. Using the B.E.T. surface area for  the graphite they  
calculated that monolayer coverage should occur at 0 .95  mg g”^.
Their p lo t of the I so s ter ic  heat of adsorption against the caesium 
concentration showed a rapid decrease frcM 4l8  kJ mol”  ̂ to  104 kJ 
mol”̂  a t the point o f monolayer coverage. They postulated that 
the i n i t i a l  high value ind icates chemical rather than physical bonding
lU
o f the adsorbed monolayer. They noted that the heat o f reaotl&i 
o f a caesium atom undergoing ion isa tion  on the surface o f  graphite 
i s  of the order o f 264 kJ mol”̂  which would ind icate that a high 
proportion o f the monolayer o f caesium is  held by an ion ic  type o f  
bond. Further resu lts  o f th is  work were la te r  published by 
Bromley (1964).
M ilstead e t  a l .  (1966) using a sim ilar  technique to  that used 
by Bromley and Moul reported that the adsorption o f caesium on 
various graphite samples in  the sub-monolayer region could be 
described by the Freundlich isotherm equation in  the caesium pressure 
range o f 1 mN m”  ̂ to  705 N m"̂  and a t temperatures in  the range 1075 
to  1575 K. However, in  the region o f monolayer coverage and above, 
the isotherms became more ccxnplex. They found that the amount o f  
adsorption depended upon the degree o f graphitisation  o f the m aterial, 
from which they concluded that the energy d istr ib u tion  o f adsorption 
s it e s  was a lso  dependent upon the degree o f grap h itisa tion . By use 
of pot^dered samples of d ifferen t p a rtic le  s iz e ,  they found that 
sorption measurements could be reduced to  a common isotherm by 
expressing the caesium concentration as a function o f the B.E.T. 
surface area. Their values o f monolayer coverage and iso s te r ic  
heats o f adsorption were in reasonable agreement with those o f  
Bromley and Moul.
Further work by M ilstead (1969) on a TS688 (BGGR) Union Carbide 
graphite at lower pressures, in  the range I .5  N m”  ̂ to  1 , 5 m”̂  
and at temperatures between 1075 and 1575 K gave isotherms which 
deviated from the Freundlich equation. At adsorption values 
greater than 40 |ig  g ”^, the isotherm could be represented by the 
Freundlich equation but below 50 the isotherms were b e tter
1$
represented by the Langmuir equation
p = KB/(i -  e) II .4
where 0 i s  the fraction  o f monolayer covered a t pressure P and 
K is  a constant. M ilstead found that in the region represented  
by the Langmuir equation the iso s te r ic  heat o f adsorption approached 
a constant value o f 500 kJ mol"^, which is  con sisten t with the ion ic  
type Of bonding.
More recent work by Haire and Zumwalt (1975) on the mixed 
sorption o f caesium and rubidium on TS 688 (EGGR) Union Carbide 
graphite at concentration le v e ls  where Freundlich behaviour is  
observed has shown a moderate d ifferen ce in  r e su lts , although an 
id en tic a l technique was used. The Freundlich behaviour observed 
by M ilstead (I969) may be expressed as
log(P)= ( - 15.2 + 22 .5(10^ A )) log(C)+ (0.05 + 4. 11( 10^ /1))  I I . 5
? 1where P has the un its o f N m , C mg g and T K; against that  
observed by Haire and Zumwalt (1975)
log(P)= ( - 7.32 + 15. 26(10^ /1))  log(c)+ ( 16.13 -  36.02(10^ /1)) I I . 6
This d ifference may be attributed  to  variations in structure and 
properties within one type o f graphite and serves as an ind ication  
o f the lack o f reproducib ility  when working with nuclear graphites.
S im ilar tran sition s from Freundlich to  Langmuir behaviour have 
been observed in the adsorption o f hydrogen and nitrogen on tungsten  
powder, Frankenburg (1944), and a lso  for the strontium-graphite 
system a t low pressures, Faircloth  and Flowers (1970). M ilstead  
(1969) suggested that the tra n sitio n  represented a tra n sitio n  from
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adsorption on s it e s  w ith d if f e r e n t  energy values (Freundlich 
behaviour) to  s it e s  o f e s s e n t ia l ly  constant energy value (Langmuir 
behaviour). However, the  Langmuir equation a lso  transforms to  
the Henry’s Law r e la t io n
P = K0 I I . 7
a t low surface coverage. This equation has a lso  been derived by 
considering adsorption of a tv;o-dimensional id ea l gas on an 
en erg etica lly  homogeneous surface under conditions where the surface 
concentration (0) tends to  zero , Everett (1957)* Thus, whether 
adsorption is  lo ca lised  or d e lo ca lised , the adsorption isotherm  
equation has the same form as the surface concentration tends to  
zero. Therefore at the lowest le v e ls  of caesium adsorption a 
Henrian type o f behaviour would be expected, though th is  has not 
been reported.
As a p ossib le  a ltern ative  in terp reta tion , i t  has been proposed 
by Faircloth  and Flowers (1970) th a t, as the caesium concentration  
approaches the le v e l  of m eta llic  and other im purities of the graphite, 
in teraction s between caesium and other metals may occur and these may 
account for the tran sition  fran Freundlich to  Langmuir behaviour 
observed by M ilstead. I t  i s  however in terestin g  to  note th at Haire 
and Zumwalt (1973) in th e ir  work on the mixed adsorption o f  caesium  
and rubidium, observed l i t t l e  change in  the Freundlich behaviour o f  
caesium ou graphite, even at the low concentration le v e l  o f  4^ 
caesium, 96/0 rubidium.
I I . 5 D iffusion  o f Caesium in Graphite
Smith and Young (1953, 1957) were the f i r s t  to  report d iffu sio n  
o f caesium from AUF graphite d isc s . They impregnated graphite with
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molten uranium n itra te  which was then converted to  the carbide by 
heat treatment and subsequently the uranium graphite was irradiated, 
P ost-irrad iation  annealing a t various temperatures for  d iffer en t  
times allowed the measurement o f release rates for a v a r ie ty  o f  
f is s io n  products. They found the release rates obeyed an equation 
o f the form
t  exp ( - A H / R T )  = I I . 8
where t  is  the tim e, AH the activation  energy and a constant. 
Doyle ( 1953) using a sim ilar technique, observed for a v a r ie ty  of  
f is s io n  products including caesium an i n i t i a l  fa s t  release rate 
which subsequently decreased to  a slow rate o f re lea se . Young 
( 1953) confirmed th is  resu lt and a lso  observed that d iffu sio n  o f  
caesium 1)4 and 157 was not a ffected  by the d iffu sio n  of the 
iso to p e s’ precursors. Cowan and Orth (1958) using a sim ilar  
technique to  Doyle and Young observed a large number o f f is s io n  
product release ra tes , but added l i t t l e  to  the knowledge of caesium 
d iffu sion  in nuclear graphites.
Bromley and Large ( 1962) reported the d iffu sion  of caesium in  
P ile  Grade A, HX 10, Morgans EY 9 and HX 12 graphites in the 
temperature range 773 to  1373 K, using in p i le  and out o f p i le  
experiments. The in  p ile  experiments were designed to  measure the 
concentration p r o file s  resu ltin g  from irrad iation  over varying time 
periods of various f is s io n  products in an EY 9 graphite can 
surrounding f i s s i l e  m aterial. I t  was found that caesium, amongst 
others, exhibited a high d iffu s iv i t y  in  the EY 9 graphite. Out o f  
p ile  measurements were made by annealing, in a stream of helium at  
various temperatures for  up to  200 hours, a sandwich structure
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con sistin g  of a thin graphite d isc  impregnated with caesium 157 
n itr a te  between two rods o f the p articu lar  graphite. Radioactive 
analysis was made of samples of the core and outer regions a t  
varying distances from the d isc for both the up-stream and down­
stream samples. Tlie d iffu sion  c o e ff ic ie n ts  found, for  the four 
graphites, showed remarkable s im ila r ity , g iving an activa tion  
energy of approximately 73 kJ mol~^. Abnormal surface 
concentrations which were not con sisten t with a simple d iffu sion  
model were a lso  observed. This e f fe c t  was ascribed to  an 
evaporation phenomenon, but the p o s s ib il ity  of oxide formation was 
a lso  admitted. Bromley and Large concluded that the migration of  
caesium through the graphites took place mainly by an activated  
surface process. Riedinger e t  a l .  (1962) measured the rate of  
permeation and d iffu sion  of caesium through a plug o f EC-27 graphite 
using m eta llic  caesium tagged with caesium 157* The d iffu sion  
c o e ff ic ie n ts  obtained at two temperatures gave an activ a tio n  energy 
o f 21 kJ mol”  ̂ for steady s ta te  flow .
Findlay and Laing (I962) used a uranium im pregnation/irradiation  
technique on a P ile  Grade A graphite followed by removal o f the 
uranium by leaching with n itr ic  acid , to  obtain f is s io n  products 
located  within the graphite grains. The fraction  o f f is s io n  
products emitted at 1073 K was followed and frcan th is  data they* 
obtained reduced d iffu sion  c o e ffic ie n ts  ( i . e .  units o f s ”^) for  a 
v a rie ty  of f is s io n  products including caesium. In extended work 
on Xenon 153 re lease , they found th at the apparent grain s iz e  was 
controlled  by the r ec o il length of the f is s io n  products (approximately
12.5 ^m). Bryant e t  a l .  (1965) using a sim ilar  technique to  Findlay 
and Laing, reported on release rates o f a wide range o f f is s io n
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products over the temperature range o f in te r e s t . They observed a 
lin ea r  relationsh ip  between the log  o f the fraction  o f caesium 
remaining and time, and obtained an activa tion  energy fo r  the 
d iffu sio n  of caesium o f I 67 kJ mol“̂ * They did , however, note a 
relationsh ip  between the diameter o f the sample and the fraction  
retained. They a lso  investigated  the e f fe c t  o f surface em issiv ity  
and obtained a value of I7 . I  D, where D is  the d iffu sio n  c o e ff ic ie n t ,  
fo r  the surface em issiv ity  o f barium. I t  i s  therefore p ossib le  
that the surface evaporation step causes the rela tion  between 
specimen s iz e  and d iffu s iv i ty ,  whereas Salzano and Eshaya ( I 96O) 
have shown that xenon cannot reside on the surfaces of graphite and 
hence precludes a surface evaporation step , at temperatures of . 
in te r e s t .
Bromley e t  a l .  ( I 965) followed the d iffu sion  of caesium through 
HX 10 graphite, using a rad ioactive ly  tagged caesium metal source to  
generate a s e t  vapour pressure in the in ter io r  of a hollow graphite 
tube. The uptake of caesium by the graphite, and the amount 
d iffu sin g  through, were monitored and concentration p r o file s  found 
at the end o f the experiment. Experiments were carried out for  
various temperatures (between 1275 and 1773 K), vapour pressures 
and lengths o f time (up to  26 hours). The resu lts  were analysed  
in  terms of an adsorption, d iffu sion  and evaporation process, and 
values for d iffu sio n  c o e ffic ie n ts  and evaporation surface 
e m iss iv it ie s  were found. The d iffu sio n  co e ffic ie n ts  had an 
activation  energy o f 72 kJ mol“^, although the error i s  r e la t iv e ly  
large, with d iffu sion  co e ffic ie n ts  varying by up to  a factor  o f ten . 
I t  should however be noted that such variaticais were observed in  the 
unsteady s ta te  d iffu sio n  c o e f f ic ie n ts , which were obtained from the 
time lag  for caesium to  pass through the graphite. The d iffu sio n
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c o e ff ic ie n ts  calculated  from the steady sta te  flow of caesium 
through the graphite were, however, in very good agreement. The
surface e m iss iv it ie s  found did not vary co n sisten tly  with 
temperature or tim e. They concluded that the resu lts  o f the 
e a r lie r  work by Bromley and Large (1962) were con sisten t with 
these r e su lts , and that the ex istence of an evaporation step was 
ccnfim ed . I t  i s  in terestin g  to  note that Salzano and Aronson
(1964) postulated that the lin ea r  rates of decomposition (o f caesium- 
graphite compounds) represent processes controlled  by the rate o f  
removal o f caesium from the external surface of the s o lid . Bromley 
a lso  produced two u sefu l reviews on the transport of f is s io n  
products through graphite, Bromley (1962, 1964),
Gethard and Zumwalt (I966) reported some work on the d iffu sion  
of caesium in d iscs o f p yrolytic  carbon at temperatures between.1275 
and 1973 K. Caesium was in i t i a l l y  allowed to  d iffu se  in to  
p yrolytic  carbon d iscs  (o f  100yim thickness) from a rad ioactive ly  
tagged caesium n itra te/ch lorid e-grap h ite  powder to  achieve an 
approximately even concentration. The d iscs  so prepared were then 
annealed for varying times at various temperatures and the caesium 
remaining in  the d iscs  was monitored. They reported no . 
concentration e f fe c t  over a range of 10~? to  10"̂  g g”^, and that 
the activation  energy o f d iffu sio n  in the p yro lytic  carbon was 
176 kJ mol”^. Comparing th is  with the value of Bryant e t  a l .  ( I 965) 
and Bromley and Large ( 1962) they suggested that the h i ^  value for  
the activation  energy was in d ica tive  o f d iffu sion  through the grains.
Iwamoto and Oishi ( I 969) studied the release o f some non-gaseous 
f is s io n  products including caesium I 57, from graphites prepared in a 
sim ilar manner to  Findlay and Laing (I962) .  They measured the
21
fraction  o f f is s io n  product leached by n itr ic  acid from the sample 
a fte r  the anneal, and the fraction  remaining a fte r  wet oxidation  
o f the sample. The fraction  desorbed in to  an argon stream during 
the anneal was calcu lated  by ccmparison with an untreated specimen. 
They postulated that the f is s io n  products were in i t i a l l y  reco iled  
in to  the grains and were trapped a t d e fe c ts . Upon annealing, 
lo ss  of f is s io n  products from the d efects or ’trapping s i t e s '  
occurred, followed by d iffu sion  through the grain to  the surface.
At the surface, lo ss  o f f is s io n  product occurred by evaporation.
Iwamoto and Oishi then argued that the n itr ic  acid  leach only  
removed the surface-bound f is s io n  products. They found that th is  
fraction  was constant throughout the range o f annealing times for  
a se t  temperature. They a lso  observed that the fraction  not 
leached in i t ia l ly  dropped r e la t iv e ly  quickly and then achieved a 
constant rate o f lo s s .  The fraction  desorbed was not found to  
achieve a steady s ta te , except for the longer periods o f annealing 
time a t the h ighest temperatures. They thus concluded that rate 
control occurred within the grain, and was in fact due to  the rate 
of release o f f is s io n  products from the trapping s i t e s .  Each 
trapping s i t e  was associated  with a p articu lar  activa tion  energy 
fo r  the release of the f is s io n  product, and the population of  
f is s io n  products in d iscrete  trapping s it e s  o f a range of activation  
energies was ca lcu lated . These ca lcu lation s showed th at for  
caesium I 57 there was a peak in the population le v e l  for  a trapping 
s i t e  with an activation  energy of 195 kJ mol” and another p ossib le  
peak a t 280 kJ mol”^. They a lso  observed, for  other f is s io n  
products, a peak at 125 kJ mol"^. They claimed that th is  in i t i a l  
activa tion  energy spectrum was capable of accounting for  the lo ss
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o f any f is s io n  prc-duct, and that i t  governed the ra te-co n tro llin g  
step; the further steps of d iffu sion  and evaporation did not 
control the rate of lo s s .
I t  is  considered, however, that such an in terpretation  of  
trapping s it e s  ignores the p o s s ib il ity  of slower d iffu sio n  along 
the layer planes, and does not sa t is fa c to r ily  account fo r  the 
in i t i a l  period of f is s io n  product escape during annealing. I t  is  
f e l t  that an interpretation  based upon a variety  of d iffu sio n  paths 
arisin g  from the in i t i a l  homogeneous d istr ib u tion  of f is s io n  
products, achieved by the random process o f r eco il would give an 
equally p lausib le account o f the complex movement of f is s io n  products 
through nuclear graphites. Furthermore, such an in terpretation  
can be used for  systems of f is s io n  products in nuclear graphites, 
which a r ise  from processes other than r ec o il from f i s s i l e  uranium 
atoms.
Zumwalt (1970) comments on the non-linear Freundlich isotherm  
displayed by caesium adsorption on nuclear graphites over a wide 
range of concentration, and the sharp decrease in d iffu sio n  
c o e ff ic ie n ts  of caesium d iffu sin g  in  nuclear graphites over an 
unspecified  concentration range. He uses a model proposed by 
Glueckauf (1953) to  account for the ad sorp tion /d iffu sion / 
concentration variations of barium in nuclear graphites, and obtains 
moderate agreement o f the theory over a wide range of barium 
concentrations.
Flowers e t  a l .  (1972) in presenting a paper on the present 
sta te  o f data in the sa fety  analysis of the high temperature reactor 
gave a b r ie f  review of the d iffu sion  c o e ffic ie n ts  of caesium in
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g ilso n ite , natural and f in e  grain graphites, obtained from both 
post irrad iation  examination and laboratory experiments.
D iffusion  c o e ffic ie n ts  were obtained from f i t t in g  postulated  
mathematical models o f f is s io n  product movement to  the post 
irrad ia tion  concentration p ro file s  observed in fu e l tube assem blies. 
Such models rely  upon other data, such as gaseous transport across 
the purge stream and a knowledge of the fu e l p a r tic le  fa ilu re  ra te . 
A general agreement between laboratory and post irrad iation  
examination d iffu sion  c o e ffic ie n ts  for  caesium in g ilso n ite  and 
natural graphite was found. However, the fin e  grain graphite 
exhibited  a wide range of d iffu sion  c o e f f ic ie n ts , covering up to  
four orders of magnitude.
There i s  a considerable dearth o f information on the 
concentrations of caesium at which the d iffu sion  c o e ff ic ie n ts  have 
been obtained. Only Riedinger e t  a l .  (I962) ,  Bromley e t  a l .  ( I 963) 
and Gethard and Zumwalt (I 966) give concentrations of caesium in  
graphite in terms o f gram per gram, rather than the widely used 
d isin tegration s per g i ^ .  The data o f Gethard and Zumwalt are 
based upon two concentration le v e ls  o f 10”̂  and 10”  ̂ g g  ̂ using  
tagged caesium n itra te  and at 1 0 g g”  ̂ using tagged caesium 
ch lorid e. There did appear, however, a small d ifferen ce in  the 
d iffu sio n  c o e ffic ie n ts  obtained from the two d ifferen t caesium 
ccxnpounds. The work o f Riedinger e t  a l .  (1962) was done over a 
concentration range of 0 .1  to  1 mg g”  ̂ and that o f Bromley e t  a l .
( 1965) over a range of 6 to  58 mg g"^, both using caesium metal 
sources. I t  i s  in terestin g  to  note that recent work. Hick (1975) 
using a Khudsen effu sion  c e l l  technique on a caesium -gilsonite  
graphite system a t concentration le v e ls  of 1 to  6 ^g g”^, has 
indicated a mixed d iffu sio n  evaporation control o f the caesium
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vapour pressure w ithin  the c e l l .  This ten ta tive  observation i s  
in  agreement with that observed at a concentration le v e l  over one 
thousand times greater, Bromley e t  a l . (1963).
From the considerable variation  of d iffu sio n  co e ffic ie n ts  
obtained from a wide range o f nuclear graphites, i t  would appear 
necessary to  characterise the graphite used. However, even a 
p articu lar nuclear graphite exh ib its variation  in properties, 
c f .  Haire and Zumwalt (1975)* I t  would seem necessary to  use 
s t a t i s t ic a l  methods, on a large number of determinations of 
d iffu sion  co e ffic ie n ts  in one type o f nuclear graphite, in order to  
provide an accurate description o f caesium transport in graphite. 
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Figure I I >1 Rates of Decomposition of Caesium Graphite 
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CHAPTER I I I
INITIAL MICROGRAVIMETRIC STUDIES OF SORPTION OF CAESIUM 
BY NUCI,EAR GRAPHITES
This chapter deals with the in i t i a l  phase o f sorption, 
experiments on the caesium -gilsonite graphite system. I t  
includes an account o f the preliminary work on, and m odifications 
made to  the microgravimetric apparatus, the production and 
analysis o f adsorption/desorption data and an i n i t i a l  experiment 
with the electron  probe microanalyser. The chapter concludes 
with a summary of the information obtained from th is  phase of  
work together with suggestions for future work.
I I I . l  Preliminary Work
A glass s i l i c a  apparatus (figu re I I I . l )  was constructed to  
make preliminary measurements o f  adsorption o f caesium on two 
nuclear graphites o f in ter e st  to  th is  study (see Appendix l ) .
The p rincipal components o f the apparatus are a vacuum micro- • 
balance (C .I. E lectron ics, Mark 2 Model B ), a fused s i l i c a  
furnace tube containing the graphite sample, heated by a nichrome 
wound furnace controlled  by an Ether potentiom etric programme 
co n tro ller , and a caesium vapour source. The apparatus i s  
evacuated by a 2 -inch o i l  d iffu sion  pump backed by a rotary  
pump, pressures being measured on Penning and Pi rani gauges 
located near to  the caesium vapour source. The vacuum mlore­
balance is  enclosed in a water-cooled aluminium cabinet in  order 
to  elim inate e f fe c ts  of variation  in room lig h tin g  on the photo - 
c e l ls  incorporated in to  the microbalance head and to  maintain
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constant the tem perature of the microhalance head. A chrome1- 
alumel thermocouple located near to  the balance head in sid e the 
system and another outside the system but within the cabinet 
showed only minor temperature changes ( le s s  than 10 K) on 
operating the system throughout the f u l l  temperature range, i . e . ,  
sample temperatures up to  l4?0 K. The temperature o f the sample 
was in i t ia l ly  measured by an o p tica l pyrometer using an o p tica l 
f la t  window and mirror at the bottom o f the furnace tube; the 
pyrometer was calibrated  against a calibrated  chromel-alumel 
thermocouple located in the sample p o sitio n . Another chromel- 
alumel thermocouple located outside the furnace tube at the same 
le v e l as the sample was in i t i a l l y  used to  measure the furnace 
temperature but i t  was found to  in d icate a temperature which 
agreed with the sample temperature measured by the o p tica l 
pyrometer to  within t  5 K, and thus in la te r  runs th is  thermo­
couple was used to  measure the sample temperature. The sample 
i s  suspended from the balance by a rticu la ted  lengths o f molybdenum 
and tungsten w ire. The caesium in  the vapour source i s  
contained in  a break-seal g lass ampoule which is  opened by a 
magnetic slug enclosed in g la ss . The caesium (99*98^ m in.,
0.01^ other a lk a li metals) is  supplied by Kawecki Chemical 
Company (U.S.A.) d istrib u ted  by Koch Light Laboratories Ltd. in  
5 g break-seal ampoules. The caesium was sub-divided in to  
approximate 1 g quantities by vacuum d is t i l la t io n  in to  small 
ampoules which were then attached to  the apparatus. The 
temperature o f the vapour source during the i n i t i a l  runs was 
controlled  to  - 5 K by an o i l - f i l l e d  thermostat bath.
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I t  became apparent during I n i t ia l  experlr^nts with the 
apparatus that there were a number o f undesirable features o f  
the design which prevented the establishm ent o f equilibrium  
between the graphite and the caesium vapour source, ( i )  There
-2was slow attainment o f a desirab le preliminary vacuum (1*5 m" )
and a desirable i n i t i a l  steady weight condition a t high
temperature ( i . e .  a weight change o f le s s  than 15 yug h"^ a t or
above 1570 K), due p r in c ip a lly  to  slow out-gassing o f the
g ilso n ite  graphite sample. Typical outgassing times to
1 .5  I#  were in the order o f a few days; th is  time was
s ig n if ic a n tly  reduced (to  le s s  than 12 hours) by prior heat
treatment o f the g ilso n ite  graphite in  flowing argon a t I 87O K
in a graphite-resistance furnace and a lso  by heat treatment at
1870 K in  vacuum. However, i t  was considered desirab le to
modify the apparatus to  improve pumping speeds at the sample
when at low pressures. ( i i )  I t  proved d i f f ic u l t  to  prevent
cold spots occurring between the caesium vapour source and the
graphite sample, p r ticu la r ly  a t h i ^  caesium vapour pressures
(greater than 155 niN m" )̂ when the l in e s  between the vapour
source and the graphite needed to  be maintained at ca. 420 K
with heater tapes. In addition , the to r tu o s ity  o f the lin e s
between the vapour source and the sample did not f a c i l i t a t e
vapour tran sfer . The mean free path o f the caesium atom a t  
-215 mN m" and I 27O K is  4o mm while the minimum diameter 
o f the connecting lin e s  between the vapour source and the 
sample was 8 mm so th at vapour tran sfer  down the tube i s  by a 
process o f Khudsen flow , that i s ,  v ia  c o ll is io n s  with the 
surfaces o f the connecting l in e s .  The presence o f cold spots
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w il l  e f fe c t iv e ly  prevent vapour tran sfer  by condensation and 
in  fact v isu a l evidence of caesium condensation a t such s it e s  
was obsei-ved in prolonged experiments. I t  was a lso  found 
necessary to  maintain a very h i ^  standard o f c lean lin ess  in  
order to  prevent in teraction  o f caesium vapour with im purities 
on the surfaces of the system. In some experiments yellow - 
coloured deposits were observed on cold spots in d icatin g  a 
reaction product o f caesium. I t  was a lso  noted that the 
s i l i c a  surfaces which had been a t high temperatures (up to  
1570 K) developed a grey colouration which could not be 
removed by normal cleaning processes nor by flaming. The grey 
colouration is  thought to  be the product of reaction between 
caesium and s i l i c a  a t high temperatures. Remarkably short 
working l i f e  times above 970. K (ca . 20 days) were found for the 
vitreous s i l i c a  tubes used in  these experiments, and a white 
powder, which was shown to  be ^ -c r is to b a lite  by X-ray analysis  
was a lso  observed at the bottom o f the hang-down tube a t the 
end o f each run. Thus i t  i s  p ossib le  that caesium promotes 
d e v itr if ic a tio n  of fused s i l i c a  by ca ta ly s is  o f the rate of
I
c r y s ta llisa t io n  to  p -cr is to b a lite  at high temperatures which 
then undergoes the phase transformation to  oc-cristobalite on 
cooling down. Rowland (1972) has reported that for low caesium 
concentrations in a helium carrier gas, s i l i c a  containers adsorb 
caesium q u an tita tively .
Despite extensive experiments, no detectab le increases in  
weight were found for g ilso n ite  graphite exposed to  pressures o f  
caesium ( I 35 m~̂  to  I 35 mN m" )̂ and temperatures (970 to
1570 K) in the range o f in ter est  o f th is  study. No weight
31
increases were observed when a g ilso n ite  graphite sample a t ^
O
470 K was exposed to  a caesium pressure of 135 mN m" a t the 
source, although the in terca la tion  compound CgCs i s  reported to  
be stable under these conditions, Salzano and Aronson ( 1967(b )) . 
Electron microprobe analysis a lso  fa ile d  to  reveal the presence 
of caesium in  any o f the samples o f graphite used in th is  
phase o f the work.
In view o f these resu lts  the apparatus was modified as 
shown in figure I I I . 2, M odifications were aimed to  ( i )  improve 
pumping speeds ( i i )  elim inate cold spots between the graphite 
sample and the caesium vapour source and ( i i i )  locate  the 
caesium vapour source in d irect l in e  o f sigh t with the graphite 
sample.
In an attempt to  reduce the long eq u ilib ration  times 
reported by M ilstead e t  a l .  (I966) for  caesium-graphite sorption  
i t  was decided to  adopt an isobaric desorption technique in  the 
microgravimetric experiments. The resu lts  o f the i n i t i a l  
experiment are shown in figure I I I . 5 . A cy lin d r ica l g ilso n ite  
graphite sample at 470 K was exposed to  the caesium vapour 
source held at a constant temperature equivalent to  a vapour 
pressure o f 80 mN m" . Adsorption o f caesium was recorded at  
at a steady rate of 1 .1  mg Cs per g o f graphite per hour 
(1 .1  mg g “̂  h~^) u n til  a loading o f 20.8 mg g"^ was obtained.
By reference to  previously published work, M ilstead e t  a l .  (I966) ,  
th is  was considered to  be in excess o f the equilibrium  amount o f  
Caesium which would be adsorbed a t th is  pressure in the range 
970 - 1570 K. The temperature was therefore raised to  970 K,
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the caesium vapour pressure being maintained constant. An  ̂
in i t i a l  rapid desorption o f 7 .8  mg g~^ occurred, followed by 
a slower weight lo ss  a t a steady rate o f 76 yg g~^ h"^; no 
evidence o f an approach to  equilibrium was found a fter  10 hours 
desorption. A further increase in  temperature to  IO7O K 
produced an i n i t i a l  rapid desorption o f 0 .4  mg g “  ̂ followed by 
a sim ilar steady rate o f weight lo ss  of 75 jug g ”̂  h'^ which 
continued for 9 hours.
The r e la t iv e ly  rapid rate o f adsorption a t 4yo K in d icates  
that there i s  e f fe c t iv e  transfer o f caesium from the source to  
the sample a t th is  temperature. However, the long desorption  
times at higher temperatures suggest th at the desorption rate  
is  controlled  by slow d iffu sion  of caesium from the graphite 
sample.
I I I . 2 I n i t ia l  Experiments
Following the preliminary work, further experiments were 
carried out to  attempt to  determine the ra te-con tro llin g  
mechanism for desorption o f caesium from the graphite.
A cy lin d r ica l sample o f a g ilso n ite  graphite was machined from 
a block to  a s iz e  o f 10.^4 ram length by 5*66 mm diameter and 
a 0 .5  mm hole was d r ille d  along the length o f the cy lin d r ica l 
axis to  take the hang-down wire. The specimen was subjected  
to  a preliminary heat treatment at approximately I 87O K under 
vacuum ( le s s  than O .I5 mN m” ) for 22 hours in order to  remove 
v o la t i le  im purities. The specimen was then weighed on an 
a n a ly tica l balance before being transferred to  the microbalance
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in the modified apparatus (figu re I I I . 2 ) . The specimen was
maintained at atmospheric pressure and room temperature for
a period of 2 hours, to  allow the microhalance to  s ta b i l i s e ,
a fte r  which the apparatus was slow ly evacuated and the furnace
raised to  1270 K over a period o f 6 hours. A steady weight
jonditioii (as defined in Chapter I I I . l )  was achieved within
-26 hours, with a background pressure of 0 .7  mN m" ; the 
caesium ampoule was opened and i t s  temperature raised to  370 K 
(equivalent to  a pressure o f O .I3 N m"^). A sequence of three 
runs was then carried out, each run comprising an i n i t i a l  
adsorption (or readsorption) o f caesium at 470 K, followed by 
desorption at 970, IO7O, I I 70 and I 270 K. The runs are 
designated lA, IB and IC and are a lso  subdivided by 1, i i ,  i i i  
and iv  to  indicate temperature in  ascending order. The rates 
of adsorption and desorption were extracted for a n a lysis .
A summary of part o f the experiment i s  presented in figure I I I . 4. 
The experiment was concluded by an in vestiga tion  o f the Influence 
o f caesium pressure at the source on desorption rate a t 970 K, 
the resu lts  being presented in figure I I I . 5 (Run ID). These 
resu lts  show that there is  l i t t l e  e f fe c t  o f caesium pressure on 
the desorption rate, since the rate decreases from 14.5 to  8 .8  
mg g “̂  h ”̂  for an increase in caesium source pressure o f four 
orders of magnitude.
I I I . 3 Analysis of desorption data
I f  i t  i s  assumed that during the desorption stage the rate  
of re adsorption of caesium i s  n eg lig ib le  compared to  the rate of 
desorption, i . e .  the Langmuir free evaporation condition ap p lies.
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then In p rin cip le  the rate o f desoi’ption of caesium from the 
graphite is  controlled  by two lim itin g  processes : -
( i )  evaporation of caesium from the surface, or 
( i i )  d iffu sion  o f caesium from the bulÿ of the graphite.
Tne intermediate condition of mixed control o f the desorption  
rate w il l  be considered in Chapter VI.
The assumption of Langmuir free evaporation conditions may 
be J u stif ied  from the follow ing considerations. The mean frea  
path o f the caesium atom at a pressure équivale t to  a flu x  rate 
of 200 jig of caesium per minute desorbing from a specimen of  
surface area o f 200 ram̂  (a sphere o f 8 mm diameter) at a 
temperature of 900 K i s  50 mm. This, the c la s s ic a l  mean free  
path, in comparison to  the furnace tube radius of 15 mm, suggests 
that there are n eg lig ib le  gas phase c o ll is io n s  occurring before 
the caesium atoms str ik e  the fused s i l i c a  w alls o f the furnace 
tube# Atoms str ik in g  the w all may su ffer  three fa te s ,
( i )  surface adsorption, ( i i )  specular r e fle c tio n , or ( i i i )  d iffu se  
r e fle c tio n .
Evidence that surface adsorption occurs is  provided by 
Rowland (1972) who found that fused s i l i c a  acts as an e f f ic ie n t  
g etter  o f trace quantities of caesium a t h i ^  temperatures.
This may be linked with the observation in  the present work that 
caesium adsorbed on fused s i l i c a  a t high temperatures promotes 
d e v itr if ic a t io n . Sim ilar r e a c tiv ity  has been observed with 
sodium and lithium  at temperatures above 500 K. An experiment 
was carried out using a fused s i l i c a  d isc  (10 mm diameter by 
1 mm thick) suspended from the hang-^down wire with the plane of
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the d isc  in the horizontal plane, in an attempt to  measure ^
adsorption of caesium on fused s i l i c a .  No observable weight 
gain was found ( i . e . ,  the weight change was le s s  than 
100 jig g'^ h"l) for a caesium source pressure o f O.I3 N m“  ̂
over a temperature range for the s i l i c a  d isc  of 470 to  I 27O K. 
However, caesium transport through the hot zone occurred, since  
a s ilv ery  deposit was found at the end o f the equipment near the 
water-cooled jo in t above the furnace (figu re I I I . 2 ) . Under 
sim ilar conditions, a sample of g ilso n ite  graphite adsorbed caesium 
at a rate o f 1 .1  mg g “̂  h"  ̂ at 470 K (figu re I I I . 3) thus in d icating  
that the s tick in g  c o e ff ic ie n t  on fused s i l i c a  at 470 K is  low in  
comparison to  that for g ilso n ite  graphite. In contrast, run ID 
shows that the rate o f desorption of caesium from g ilso n ite  graphite 
at 970 K is  in sen s itiv e  to  large variations in caesium pressure at 
the source (figure I I I . 5) .  Thus, e ith er  the rate o f transport of  
caesium to the sample decreases on increasing temperature, by the 
emergence and domination o f adsorption o f caesium by fused s i l i c a ,  
or e lse  the stick in g  c o e ff ic ie n t  o f caesium on g ilso n ite  graphite 
dram atically reduces on increasing temperature. I f  adsorption . 
is  the cause, then caesium atoms desorbing from the graphite sample 
w ill  be e f fe c t iv e ly  adsorbed on the fused s i l i c a  w alls and, hence, 
reduce the flu x  returning to  the graphite sample to  an in s ig n if ic a n t  
amount, i . e . ,  a Langmuir free evaporation condition .
I f ,  however, the stick in g  c o e ff ic ie n t  o f caesium on g ilso n ite  
graphite is  the cause, then the Langmuir free evaporation 
condition can s t i l l  hold. Consider the caesium flu x  desorbing 
from the specimen. On c o ll is io n  with the fused s i l i c a  w a lls , the
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atoms may be specularly or d iffu se ly  r e flec te d . I f  specular  
re fle c tio n  occurs, then i t  can e a s ily  be shown (Appendix 2) that 
the flu x  returning to  the graphite sample is  le ss  than 5^ of  
that em itted. Hence in conjunction with a low stick in g  
c o e f f ic ie n t , specular re flec tio n  leads to  a very low 
readsorption ra tio . However, i f  only d iffu se  r e fle c tio n  occurs, 
then calcu lations (Appendix 2) show that 0.3^ of the flu x  returns 
to  the graphite sample a fte r  one w all c o l l is io n .  The number 
returning a fter  two or more w all c o ll is io n s  was not ca lcu lated , 
but i t  must cause an increase in  the percentage return. Again, 
in  conjunction with a low stick in g  c o e f f ic ie n t , the readsorption  
ra tio  becomes very low.
The three cases expounded represent extremes o f the 
experimental s itu a tio n , and since i t  is  most probable th at a l l  
three play a role in the transport mechanism, then the conclusion  
o f a Langmuir free evaporation condition i s  ju s t if ia b le .  
Furthermore, in view o f the complexity o f the mechanism o f caesium 
transport, the use o f the thermal transpiration  equation
Pj /̂Pg = (Tj^A'2) I I I . l
where P and T are the pressure and temperature o f two regions 
subscript 1 and 2, cannot be ju s t if ie d . A lso, equation I I I . l  
i s  only applicable to  an equilibrium system, whereas in  the present 
case a dynamic system of caesium transport from the source to  the 
water cooled jo in t (figu re I I I . 2) occurs. Thus the control of  
the caesium vapour source temperature was discontinued since no 
assessment o f the gaseous concentration around the specimen could 
be made.
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The shape of the desorption curves (figure I I I , 4) suggests  
q u a lita tiv e ly  that desorption is  controlled  in the early  stages  
by evaporation o f caesium from the surface and that a fte r  the 
surface layer of caesium has been depleted, the rate o f desorption  
becomes control .led by d iffu sion  o f caesium from the bulk.
'issuming th is  in terpretation  to  be correct, an analysis o f  the 
la te r  portion of the desorption curve at each temperature was 
attempted using the follow ing equation, Jost (I96O)
where is  the mean concentration at a time t ,  Cq the i n i t i a l  
mean concentration, D the d iffu sion  c o e ff ic ie n t  and a, the 
radius o f the cy linder. Equation I I I . 2 is  based upon the 
solu tion  o f P ick 's laws o f d iffu sion  for an iso trop ic  cy lin d r ica l 
specimen considering rad ial flow only, i . e .  n eglecting  end e f fe c t s ,  
with the boundary conditions o f an i n i t i a l  uniform concentration  
p r o file  except at the surface where the concentration i s  zero and 
time-independent and that no barrier to  evaporation e x is t s .  I t  is  
a lso  assumed that the d iffu sion  c o e ff ic ie n t  i s  independent of  
other variables e .g .  concentration, time or p o sitio n . Equation 
I I I . 2 is  an approximation of the so lu tio n , but a d iscussion  on 
the lim ita tion s o f th is  approximation, w i l l  be considered in  
Chapter V .2. Thus a p lo t of log  (C.̂  /  C )̂ versus t  over the 
la te r  portion o f the desorption curve enables a value o f D to  be 
calcu lated .
The values o f d iffu sio n  c o e ff ic ie n t  obtained by use of 
equation I I I . 2 are presented in  Table I I I . l  together with the 
desorption temperatures and the mean concentration range.
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Figure I I I . 6 shows the resu ltant Arrhenius p lo t which includes 
the data o f Flowers e t  a l .  (1972) for  d iffu sion  o f caesium in  
sim ilar types of graphite, the la t t e r  resu lts  being obtained from 
steady flow measurements and post irrad iation  experiments.
Thus the present resu lts  can be seen to  be in  reasonable 
agreement with published data obtained from other techniques.
I I I . 4 Preliminary Electron Probe Microanalysis
I t  is  recognised that the assumption made in  the derivation  
o f equation I I I . 2 that desorption o f caesium occurs from an 
i n i t i a l  uniform concentration p r o file  i s  not l ik e ly  to  apply in  
p ra ctice . I t  was therefore considered desirable to  in v estig a te  
the penetration o f caesium in to  the graphite sample. A further  
run was carried out using a cy lin d r ica l specimen (Run 2 ) . A fter  
the i n i t i a l  preparation, the graphite sample was exposed to  a 
caesium atmosphere at 470 K u n til  54 mg g ”̂  had been adsorbed 
(within 2 hours) and then subjected to  heat treatment a t 570 K 
for  a further 57*5 hours to  allow some penetration o f the caesium 
in to  the graphite; during th is  time n. appreciable w e i^ t  change 
occurred. The specimen was then removed and sectioned along the 
cy lin d r ica l axis and subjected to  electron  probe m icroanalysis 
to  obtain the radial and cy lin d r ica l ax is concentration p r o file s  
for  caesium; d e ta ils  of the procedure w i l l  be given in  Chapter IV. 
The cy lin d rica l axis p r o f ile  was remarkably even, increasing only 
a t a small distance from the end. The rad ial p r o f ile ,  
figure I I I . 7, shows an even concentration o f caesium in  the inner  
portion, with a dramatic increase in  the outer la y ers . The 
presence of caesium in  the central regions o f the cylinder c le a r ly  
ind icates that rapid d iffu sion  o f caesium to  the centre has
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occurred. Extrapolation of the d iffu sio n  c o e ff ic ie n ts  obtained 
between 970 and 1270 K (figure I I I . 6) to  570 K gives a d iffu sio n  
c o e ffic ie n t  o f the order o f 10" m s " ;  reference to  Cars law 
and Jaeger (1973) ind icates that with such a low d iffu sion  
c o e ff ic ie n t , n eg lig ib le  penetration of the g:raphite by caesium 
shcold occur. Clearly therefore the mechanism of d iffu sio n  
undergoes a change between 570 K and 970 K.
I I I . 5 Conclusions
Preliminary experiments on the microgravimetric apparatus showed 
that i t  was not possib le to  obtain equilibrium  data on adsorption of 
caesium by g ilso n ite  graphite using a c la s s ic a l  gravimetric method. 
This was attributed to  a strong in teraction  at high temperatures 
between caesium and the fused s i l i c a  w alls o f the furnace tube and a 
temperature s e n s it iv ity  o f the stick in g  c o e ff ic ie n t  o f caesium on 
g ilso n ite  graphite. This process did not allow an assessment o f  
the vapour pressures o f caesium around the specimen a t high  
temperatures with any degree o f confidence. However, because o f  
th is  problem, i t  enabled desorption o f caesium frcxn the caesium 
graphite sample to  be treated  as a Langmuir free evaporation process. 
An application  o f a simple d iffu sion  equation to  the la te r  portion o f  
desorption curves gave d iffu sion  c o e ff ic ie n ts  for transport o f  
caesium through graphite which were in  reasonable agreement with  
resu lts  obtained by other techniques. The i n i t i a l  stages o f  
desorption were considered to  be controlled  by d iffu s icm o f caesium 
to  and evaporation from the surface o f the graphite. Electron probe 
microanalysis o f a caesium graphite specimen prepared a t a low 
temperature showed that considerable penetration o f caesium in to  the 
graphite had occurred. Comparison with a d iffu sio n  c o e ff ic ie n t
ho
obtained fron extrapolation o f high temperature data suggests tîfôt 
a change in  the d iffu sio n  mechanism occurs between 570 and 970 K.
These resu lts  suggest the need for  further work to  obtain  
more d eta iled  in fom ation  on sorption and d iffu sio n  o f caesium in  
g ilso n ite  graphite; th is  work is  d iscussed in  Chapter IV, I t  is  
a lso  d esirab le to  extend the method o f analysis to  cover the i n i t i a l  
period o f desorption in which evaporation o f caesium from the surface 
i s  important; th is  work i s  discussed in  Chapter VI.
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Table I I I . l
D iffusion  C oeffic ien ts calculated fo r  caesium in  cy lin d rica l 
specimens o f g ilso n ite  graphite using Equation I I I . 2.
Run No*
D
(m̂  s - 1) X 10^2
Temperature 
( K )
I n i t ia l  
Concentration 
( mg g “̂  )
F inal 
Concentration 
( mg g“  ̂ )
lA i 2.0 970 1.70 1.45
lA i i 2 .6 1070 1.45 1.55
lA i i i 4 .8 1170 1.55 1.20
lA iv 9 .4 1270 1.20 0.85
IB i - 970 2.25 2.05
IB i i 2 .0 1070 2.05 1.96
IB i i i 4 .6 1170 1.96 1.72
IB iv 5.4 1270 1.72 1.20
IC i 0 .8 970 8.45 5.80
IC i i 0 .6 1070 5.80 5.50
IC i i i 5.0 1170 5.50 4.92
IC iv 11.0 1270 4.92 5.52
h2
Figure I I I . I Schematic Diagram of the  O riginal Micro* 
gravim etric apparatus
A Water Cooled Cabinet 
B Microbalance 
C To FUmps 
D Thermoccnaplo
E Water Cooled Jo in t and B affle  
F Furnace
G Specimen and Hang down w ire 
H Water Cooled J o in t  
J To Vacuum Gauges 
K O ptical lyrcxTieter Viewing System 
L Caesium Ampoule and Oil Bath
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Figure I I I . 2 Schematic Diagram of the Modified 
M icrogravlmetric apparatus
A Water Cooled Cabinet 
B Microbalance 
C To Vacuum Gauges 
D To Ftrnips
E Water Cooled Jo in t and B affle 
F Thermocouple 
G Furnace
H Specimen and Hang down wire 
J Heating Tape 
K Magnetic slug





Figure III .2  The Microgravimetric Apparatus
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Figure III .3 Isobaric Sorption of Caesium on G ilson ite  
Graphite at various Temperatures
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Figure I I I .6
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Arrhenius plot of D iffusion  C oefficien ts  
for Caesium in  a C ylindrical specimen of 
G ilson ite Graphite ( Run l )







Figure I I I .7 The Smoothed Radial Concentration P rofile  
for Caesium in a C ylindrical specimen of 
G ilson ite  Graphite ( Run 2 )
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CHAPTER IV
ELECTRON PROBE MICROANALYSIS OF THE CAESIUM- 
GILSONITE GRAPHITE SYSTEM
In the previous chapter i t  has been shown that d iffu sion  
c o e ff ic ie n ts  for caesium in g ilso n ite  graphite can be obtained 
from measurements of the rate of desorption o f caesium which are 
in  reasonable agreement with other workers’ r e su lts . Since the 
an alysis used to  obtain the d iffu sion  c o e ffic ie n ts  i s  based upon 
an assumption of an i n i t i a l  uniform caesium concentration p r o f ile ,  
a ser ie s  of experiments was carried out to  obtain both caesium 
desorption curves and caesium concentration p ro file s  a t stages in  
the adsorption/desorption programme, the work being described in  
th is  chapter. The chapter s ta r ts  with a b r ie f  ou tlin e o f the 
theory of electron  probe microanalysis and i t s  application  to  the 
present study, and concludes with a summary of the resu lts  and 
conclusions obtained and some further questions that the resu lts  
give r ise  to .
IV .1 Electron Probe Microanalysis
Electron probe m icroanalysis i s  a f le x ib le  technique for  
elementary analysis of so lid  m aterials which i s  based upon the 
ex c ita tio n  of X-rays from a small portion o f the sample by a beam 
o f e lectro n s, the emitted X-rays being analysed and counted by an 
X-ray spectrometer and detector. An electron  beam produced by a 
conventional hot filam ent source is  focused onto the specimen 
causing some of the atoms to  be ion ised  v ia  a mechanism involving  
the lo ss  of an inner electron . The resu ltant tra n sitio n  o f  an 
outer electron  involves the emission o f an X-ray photon which is
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ch aracter istic  of the excited  atcan, and thus the emitted. X-ray 
spectrum is  ch aracteristic  of the elements present within the 
excited  portion of the sample.
Q uantitative analysis o f the sample is  performed by obtaining  
the ra tio  o f the sample count rate to  the count rate of a standard, 
being e ith er  the element or a pure compound containing the element 
o f in te r e s t . However, various e f fe c ts  combine to  obscure 
quantitative a n a ly sis , notably absorption by surrounding atoms, 
fluorescence, electron back-scatter, secondary electron emission  
and the e ffic ien c y  of the process of X-ray em ission.
The principal advantages o f electron  probe m icroanalysis are : 
( i )  the technique can be applied to  a l l  elements o f atomic number 
higher than 5 ( i i )  i t  i s  non-destructive and ( i i i )  analysis of  
small areas of in ter est may be performed with re la tiv e  ease compared 
to  other techniques, ty p ica l exc ita tion  volumes being approximately 
^jxm cube. The lim itin g  s e n s it iv ity  o f the technique is  normally 
quoted in absolute terms, as approximately 10“̂  ̂ g, Marton (19^9)/ 
but in re la tiv e  terras the lim itin g  s e n s it iv ity  i s  about 10 yig g"  ̂ of  
sample. This figure, however, can only be achieved using the 
maximum p ossib le  care and sp e c ia lly  modified apparatus o f high 
s e n s it iv ity ;  a more r e a l is t ic  lim itin g  s e n s it iv ity  for normal 
operation i s  a factor of a hundred lover, i . e .  about 1 mg g"^. 
Indeed, experiments on the caesium -gilson ite graphite system  
indicated that concentrations of le s s  than 2 mg g"^ were not 
d etectab le . Hence in the present studies r e la t iv e ly  high to ta l  
concentrations of caesium in g ilso n ite  graphite were used 
(approximately 40 mg g”^) in order to  obtain reasonable X-ray 
count ra tes .
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To a f i r s t  approximation, the concentration i s  lin ea r ly  
dependent upon the ra tio  o f the specimen X-ray count rate to  the  
standard X-ray count rate. In order to  improve upon th is  
approximation various corrections must be applied to  the data, 
which can be conveniently subdivided in to  two, namely a correction  
due to  matrix e f fe c ts  and a correction due to  s e l f  e f fe c t s ,  i . e . ,  
the element o f in te r e st . These corrections are applied to  both 
specimen and standard. However, in the present work, because the 
to ta l  concentration is  known from the microgravimetric experiments, 
the use of a standard is  not necessary, i f  the corrected X-ray 
count rate is  integrated over the whole specimen. I t  was for  th is  
reason and a lso  that the analysis o f desorption data from cy lin d r ica l 
specimens neg lects end e f fe c t s ,  that the specimen shape was changed 
to  a sphere. D iffusion equations are accurately known fo r  spherical 
specimens and the integration  over a sphere only requires a rad ial 
p r o f ile  to  be known, whereas a cy lin d r ica l specimen requires both 
the rad ial and the cy lin d r ica l axis p r o f ile s  to  be known. I t  was 
a lso  considered that because of the low concentrations o f caesium, 
approaching the lim it  of d etection , the corrections due to  the matrix, 
i . e .  graphite, would be constant and the corrections due to  s e l f ­
e f fe c t s  would be n e g lig ib le . Thus the conversion factor o f X-ray 
count rate to  concentration was found by in tegratin g  the X-ray count 
rate rad ial p r o file  over the whole of the sphere and d iv id ing the 
to ta l  concentration by the in tegra l sum of the X-ray count ra te .
The instrument used in th is  work is  a J.E.O.L. JXA ÔA analyser, 
which i s  designed with a "low take o ff  angle" for  X-ray em ission. A 
low angle of take o f f  enables the f in a l ob jective lens o f the 
electron  op tica l system to be placed c lose  to  the specimen without
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o b s c u r in g  t h e  X - r a y  s p e c t r o m e t e r  v ie w  o f  t h e  s p e c im e n .  H o w ev er, 
t h e  X - r a y  s p e c t r o m e t e r  s y s te m  i s  s e n s i t i v e  t o  s u r f a c e  to p o g ra p h y  
b e c a u s e  o f  t h i s  f e a t u r e  a n d  t h e r e f o r e ,  c a r e  m u s t b e  t a k e n  i n  t h e  
s u r f a c e  p r e p a r a t i o n  i n  o r d e r  t o  m in im is e  t h i s  e f f e c t .  I t  i s  d e s i r a b l e  
t o  o b t a i n  a  s u r f a c e  f i n i s h  o f  m e t a l l o g r a p h i c  q u a l i t y ,  e . g .  by 
p o l i s h i n g  w i t h  1 ^ m  d iam ond  d u s t ,  w h ic h  f o r  a  s a m p le  o f  g i l s o n i t e  
g r a p h i t e  i s  a  lo n g  an d  co m p lex  t a s k .  T he g i l s o n i t e  g r a p h i t e  u s e d  
i n  t h e  p r e s e n t  w o rk  s u f f e r s  f ro m  * p lu c k  o u t '  d u r i n g  p o l i s h i n g  s i n c e  
i t  c o m p r is e s  o f  h a rd  g r a p h i t i c  p a r t i c l e s  i n  a  s o f t  m a t r i x  ( s e e  A p p e n d ix  
I ) .  The r e a c t i v i t y  o f  t h e  c a e s i u m - g r a p h i t e  co m p o u n d s, C r o f t  ( i p '/O ) ,  
a l s o  g iv e s  r i s e  t o  t h e  q u e s t i o n  o f  s t a b i l i t y  o f  t h e  s p e c im e n s  d u r i n g  
p o l i s h i n g .  F o r  i n s t a n c e  Iw am oto  a n d  O i s h i  ( 196? )  fo u n d  t h a t  
t r e a t m e n t  w i t h  d i l u t e  n i t r i c  a c i d  e f f e c t i v e l y  l e a c h e d  a l l  f i s s i o n  
p r o d u c ts  fro m  t h e  s u r f a c e s  o f  t h e  c r y s t a l l i t e s  w i t h i n  a  b u lk  s a m p le  
o f  a  n u c l e a r  g r a p h i t e .  I n  p o l i s h i n g  t o  m e t a l l o g r a p h i c  s t a n d a r d s  t h e  
r e m o v a l  o f  t h e  p o l i s h i n g  cam pound an d  d e b r i s  r e q u i r e s  a  'w e t '  t e c h n i q u e ,  
e . g . ,  w a te r  o r  a l c o h o l ,  an d  th u s  l e a c h i n g  o f  t h e  c a e s iu m  fro m  t h e  
g r a p h i t e  w i l l  o c c u r ,  h e n c e  a f f e c t i n g  t h e  c o n c e n t r a t i o n  p r o f i l e .  I n  
v ie w  o f  t h e  p ro b le m s  t h a t  w o u ld  a r i s e  f ro m  p o l i s h i n g  t o  s u c h  a  s t a n d a r d  
i t  w as d e c id e d  t o  p r e p a r e  t h e  s u r f a c e  u s i n g  c a rb o ru n d u m  p a p e r  o n ly  
a n d  t h e n  s u b j e c t  t h e  r e s u l t a n t  p r o f i l e  t o  a n  a v e r a g i n g  p r o c e s s  i n  
o r d e r  t o  r e d u c e  t h e  e f f e c t  o f  s u r f a c e  a s p e r i t i e s .
IV .2  M ic r o g r a v im e t r i c  e x p e r im e n ts  an d  r e s u l t s
Spherical specimens of g ilso n ite  graphite (8 mm nominal 
diameter) were machined from bulk samples to  w ithin tolerance in  
the diameter. A 0 .5  mm hole was a lso  d r illed  through the specimen 
to  take the hang-down w ire . Each specimen was subjected to  a 
preliminary heat treatment in  a separate apparatus in  order to  remove
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v o la t i le  im purities from the sample by subjecting the specimen to
a temperature of approximately 1970 K for 24 hours under a vacuum 
-2( 0 . 1  mN m“ a p p r o x im a te ly ) .
The specimen was then removed from the apparatus, weighed in  
a ir  and then placed in the microgravimetric apparatus (figu re  I I I . 2) 
and evacuated. This operation was completed as quickly as p ossib le  
( le s s  than h a lf  an hour) in order to  minimise recontamination on 
exposure to  a ir . A fresh break-seal ampoule of caesium was used 
for  each run and prior to  each run the hang-down tube was cleaned  
with a h yd roflu oric /n itr ic  acid mixture, rinsed with d is t i l l e d  water 
followed by acetone and f in a lly  allowed to  dry.
The microgravimetric experiments can be conveniently divided  
in to  four stages: ( i )  the in i t i a l  s ta b ilisa t io n  program outlined  in  
Chapter I II  ( i i )  adsorption of caesium at approximately 470 K 
( i i i )  heat treatment at 570 K and ( iv )  desorption o f caesium in  the 
range 975 to  1575 K. The adsorption stage was carried out by 
d is t i l l in g  caesium from the ampoule and allow ing the specimen to  
adsorb caesium to  a concentration o f approximately 40 mg g"^; th is  
loading was achieved within 1 hour. I t  was not considered necessary  
to  c lo se ly  control the temperature of the ampoule (see  Chapter I I I . 5 ).
The temperature of the specimen was then increased to  575 K for  
a 60 hour period of heat treatment to  allow  caesium to  d iffu se  in to  
the specimen. I t  was found necessary to  subject the specimen to  an 
i n i t i a l  short temperature excursion to  approximately 67O K before 
heat treatment at 575 K in  order to  achieve a near steady weight 
condition ( le s s  than t  40 ^g h“^) over the 60 hour period. The 
caesium ampoule was maintained at room temperature during heat 
treatment.
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The specimen was then raised to  the desired temperature for  
desorption and the weight lo ss  monitored for a period of tim e. At 
the end of desorption the specimen was allowed to  cool to  room 
temperature and removed from the apparatus and rew ei^ed on an 
a n a ly tica l balance. The weight gains so measured u su ally  exceeded 
the weight gains recorded on the microbalance by approximately Z%
(5$̂  for Run 5)* This discrepancy was considered acceptable sin ce  
r e la t iv e ly  rapid adsorption o f water-vapour and other gases w il l  
occur on exposing the caesium-graphite to  a ir .
D eta ils  o f each run are tabulated in  Table IV. 1. Runs 3 and 4 
were made in order to  obtain caesium concentration p ro file s  a fte r  
adsorption and a fte r  adsorption and heat treatment resp ectiv e ly .
Runs 5 to  9 were made to  obtain both desorption data (figu re  IV .l)  
and caesium concentration p r o file s  at temperatures between 973 
and 1573 K on separate samples of graphite.
I t  was c o n s i d e r e d  d e s i r a b l e  t o  p e r f o r m  a  p r e l i m i n a r y  a n a l y s i s  
o f  t h e  d e s o r p t i o n  d a t a  i n  a  s i m i l a r  m a n n e r  t o  t h a t  u s e d  i n  C h a p te r
I I I . 5* J o s t  ( i 960) g iv e s  t h e  f o l l o w i n g  e q u a t i o n  f o r  d i f f u s i o n  i n
s p h e r i c a l  s p e c im e n s  f o r  t h o s e  c o n d i t i o n s  a s su m e d  i n  C h a p t e r  I I I . 5 
f o r  c y l i n d r i c a l  s p e c im e n s  ( e q u a t i o n  I I I . 2 )
C ^ /C ^  = 6 e x p  ( - D t r ? / a ^ )  / t t ^  IV .  1
where a i s  the radius o f the sphere and the other terns are as 
defined in Chapter I I I .  The la te r  portions o f the desorption  
curves were plotted as log(C ^/ C )̂ v s . t  and the values o f the 
d iffu sio n  c o e ff ic ie n ts  and th e ir  standard deviations were calcu lated  
from the gradients using the method o f le a s t  mean squares, and 
tabulated in Table I I I . l .  The resu ltant d iffu sio n  c o e ff ic ie n ts  are
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shown in  the form o f an Arrhenius p lo t in  figure IV .2 together with 
the data of Flowers e t  a l .  (1972). The d iffu sio n  c o e ff ic ie n ts  
obtained show marked deviation  at low desorption temperatures from 
thoæ found from the cy lin d rica l specimen (Run I ,  figure I I I , 6 ) .
This increase carnot be ascribed to  the neg lect of end e f fe c ts  on 
cy lin d r ica l specimens, since n eglect of end e f fe c ts  causes the 
d iffu sio n  co e ffic ie n ts  so calculated  to be increased. Thus 
d iffu sio n  c o e ffic ie n ts  fo r  cy lin d rica l specimens would be expected 
to  be larger than the spherical specimen d iffu sio n  c o e f f ic ie n t s .  I t  
i s  p ossib le  that the deviation found r e f le c ts  the d ifferen t  
adsorption and heat treatment programs used in each case. This
point w il l  be discussed in more d e ta il  in  Chapter VI.
IV .3 Electron Probe Microanalysis experiments and resu lts
The specimens obtained from Runs 5 to  9 were cut in to  hemi­
spheres along the v e r t ic a l a x is , i . e .  the axis o f support in the 
microbalance, so that the p o s s ib il ity  o f a non-uniform concentration  
o f caesium resu ltin g  from the p osition  o f the specimen re la tiv e  to  
the caesium ampoule could be in vestigated . The surface was 
polished with P 500 grade paper, l ig h t ly  drawn across s o ft  t is s u e s  
in  order to  remove any debris and then mounted on the specimen holder. 
The surface o f the specimen was checked for  being in the plane o f the 
top of the specimen holder by the use o f an o p tica l microscope with 
a narrow depth o f focus, and rechecked within the electron  probe 
microanalyser. A fter se tt in g  up the electron  probe m icroanalyser, 
the electron  beam was checked for  focus and a beam in te n s ity  
corresponding to  a specimen current of 0 .2  yA  a t an acceleratin g  
voltage of 20 keV was obtained. The high current was used in order
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t o  o b t a i n  r e a s o n a b l e  X - r a y  c o u n t  r a t e s  ( o f  t h e  o r d e r  o f  1 0 ^  o p s )  
a n d  t h e  beam  a r e a  v a s  e s t i m a t e d  a t  10  ^ m  s q u a re #  T he X - r a y  
d e t e c t o r  w as f o c u s e d  on t h e  Lœ., X - r a y  e m is s io n  o f  c a e s iu m  u s i n g  
a  P .E .T .  c r y s t a l  t o  r e s o l v e  t h e  X - r a y  e m is s io n #  The b a c k g ro u n d  
c o u n t  r a t e  w as a l s o  m e a s u re d  a t  a p p r o x im a te ly  o n e  d e g r e e  e i t h e r  
s i d e  o f  t h e  Lex p e a k  a n d  t h e  s u b s e q u e n t  c o u n t  r a t e s  w e re  c o r r e c t e d  
u s i n g  t h e  a v e r a g e  v a l u e  f o r  b a c k g ro u n d  s o  o b ta in e d #
T h e  s p e c im e n  w as t h e n  s c a n n e d  a t  a  r a t e  o f  2 ^ m  s “^  a l o n g  
( i )  a  d i a g o n a l  p a r a l l e l  t o  t h e  a x i s  o f  s u p p o r t  a n d  ( i i )  a  d i a g o n a l  
p e r p e n d i c u l a r  t o  ( i ) ;  t h e  t im e  f o r  o n e  s c a n  b e in g  o f  t h e  
o r d e r  o f  45 m in u te s #  T he  r e s u l t a n t  t r a c e s ,  a n  e x a m p le  o f  w h ic h  i s  
show n i n  f i g u r e  I V . w e r e  c o n s i d e r e d  t o  b e  a d e q u a te  f o r  a n a l y s i s  
a n d  n o  e x t e n s i o n  t o  t h e  p o l i s h i n g  p r o c e s s  w as r e q u i r e d .  E a c h  
p r o f i l e  o b t a i n e d  w as t h e n  a v e r a g e d  a t  100 ym  i n t e r v a l s  
b y  a  g r a p h i c a l  m e th o d  a n d  t h e  g r o s s  a v e r a g e  o f  a l l  t h e  v a r i o u s  s c a n s  
f o r  e a c h  ru n  was co m p u ted  i n  t h e  fo rm  o f  c o u n t  r a t e  v s .  r a d i u s  a t  
1 0 0 ^ m  i n t e r v a l s .  T h e s e  v a l u e s  o f  m ean c o u n t  r a t e  ( c p s )  v s .  t h e  
n o r m a l i s e d  r a d i u s  ( r / a )  w e re  t h e n  summed a t  1 0 0 |xm i n t e r v a l s  
a c c o r d i n g  t o  t h e  fo r m u la
r / a  = 1
Sjjj = ^ 2  ( c p s )  ( r / a )  ^ A  r / a  IV . 2
. ï / a  = 0> .
w h e re  A  r / a  i s  t h e  i n t e r v a l  l e n g t h ,  i . e .  1 0 0  ^ m . T he  p r o p o r t i o n ­
a l i t y  c o n s t a n t^  k ,  b e tw e e n  ( c p s )  a n d  t o t a l  c o n c e n t r a t i o n  o f  c a e s iu m  
w as t h e n  o b t a i n e d  fro m
k = C /5
' . _ _
w h e re  i s  t h e  t o t a l  c o n c e n t r a t i o n  a t  t h e  e n d  o f  t h e  s o r p t i o n
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experiment. The resu ltant concentration p r o file s  are shown in  
figure IV.4  and some sp e c if ic  data in Table IV .1 . Figure IV .5 
i s  a summary graph in which the concentration p r o file s  have been
normalised to C .̂
TV.V D i s c u s s i o n  o f  E l e c t r o n  P ro b e  M i c r o a n a l y s i s  r e s u l t s
Figure IV .4(a) shows that a fte r  adsorption a t 523 K fo r  h a lf  
an hour (Run 3) caesium is  confined to  the outer part o f the sample 
(r /a  > 0 . 65) .  However, heat treatment a t 573 K for approximate]y 
60 hours resu lts  in s ig n if ica n t penetration o f caesium to  the centre 
of the graphite (Run 4, figure T V .4(a)). The f la t  concentration  
p r o f ile  in the inner part of the graphite ( 0 <  r /a  < 0 .6 ) a lso
shows that the penetration i s  r e la t iv e ly  rapid, c f .  Run 2, figure  
ITT.7 . A comparison o f runs 3 and 4 from the normalised concentr­
ation  p ro file s  (figure TV.5) suggests a two part inward d iffu sion  
process is  occurring at 573 K :- ( i )  a rapid penetration to  the 
centre (as above) and ( i i )  a slower inward movement o f the bulk o f  
the caesium, indicated by the s h if t  o f  the peak r/a  value from 0.95  
to  0.84 (Table I V .l) .
The normalised concentration a t the centre r ise s  again during 
the desorption stage at 973, 1053 and 1177 K (Runs 5 to  7) and then 
drops s l ig h t ly  for desorption at I 27O. K (Run 8) and back to  zero for  
desorption at 1373 K (Run 9, Table T V .l). The normalised surface 
concentration (figure TV.5) i s  h ighest a fte r  adsorption (Run 3) 
and drops to  a r e la t iv e ly  constant le v e l  a f te r  heat treatment (Run 4) 
and during desorption at the lovrer temperatures, i . e . ,  up to  1177 K 
(Runs 5 to  7)* However, desorption a t higher temperatures resu lts  
in  a lower normalised surface concentration. These e f fe c ts  are
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almost certa in ly  obscured by the varying times of desorption, ® 
esp ec ia lly  in the case of desorption at 1373 K (Run 9 ) where the 
time for desorption was almost twice that for desorption at the 
lower temperatures (Runs 5 to  ? ) .
A general feature of the concentration p ro files  i s  the apparent 
contradiction of P ick 's Law which can be expressed in the form 
"d iffu sion  tends to reduce the concentration gradient". This is  
most c lea r ly  seen for desorption at 1373 K (Run 9, figure IV,5) 
where the d iffu sion  of caesium has occurred against the to ta l caesium 
concentration gradient. D iffusion  against a concentration gradient 
can be explained in terms of a two part d iffu sio n  model which w i l l  
be discussed in  d e ta il  in  Chapter VI,
Some evidence for non-uniform concentrations of caesium was 
found, particu larly  at low temperatures. The largest d ifference  
was found a fter  adsorption a t 523 K (Run 3 ) where the caesium 
concentrations at the edge nearest to the caesium ampoule was twice 
that found on the edge diam etrically  opposite. This e f fe c t  
diminished with increase in temperature and was not observed a fter  
desorption at 12?0 K (Run 8 ) ,  The maximum caesium concentrations 
at spikes is  noted in Table IV,1 as w e ll as the mean peak 
concentrations obtained by the summation procedure. The former 
figures are considered to  be unreliably high due to  the s e n s it iv ity  
of the electron  probe microanalyser to surface roughness, i . e . ,  
enhanced X-ray emission w i l l  occur from surface a s p e r it ie s . Related 
e ffe c ts  at the edge of the specimens are confined to  le s s  than 
50 ym from the edge and w i l l ,  therefore, make only a minor 
contribution to  the shape of the p r o f ile .
x.
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IV, 5 Interlaraellar Compound Formation
I t  has been suggested, Bromley (1973% that caesium-graphite 
in terlam ellar compound formation i s  a p o s s ib il ity  during adsorption 
at 473 K and heat treatment at 573 K. However, mean peak 
concentrations oj' caesium during Runs 3 and. 4 (Table IV .l)  are much 
If.wer than the value required to form the most d ilu te  compound 
d e fin ite ly  id en tif ied  ( C^qCs )., Salzano and Aronson (1965( a ) ) .
Spike concentrations approach th is  value, but are thought to  be 
unreliab ly  high (see Chapter I V .l) .  The le v e ls  o f caesium foun i 
a t higher temperatures (Runs 5 to  9) appear to  rule out any 
p o s s ib il ity  o f compound formation in  these cases.
In order to  confirm th is  view. X-ray d iffra c tio n  measurements 
were obtained from two samples o f g ilso n ite  graphite before and 
a fte r  adsorption of 41,5 mg g"^ and I7 .3  mg g”  ̂ resp ectiv e ly  of 
caesium at 473 K. In both cases no s ig n if ic a n t  s h if t  o f the 002 
r e fle c tio n  (the c axis spacing) was observed (figu re IV .6 ) .
However, a diminution o f the peak in te n s ity  o f the caesium- 
g ilso n ite  graphite compared to  g ilso n ite  graphite was observed.
This diminution was shown to  correlate with the concentration le v e ls  
assuming absorption o f the X-rays by caesium according to  the Beer 
law. Thus i t  was concluded that caesium-graphite in terlam ellar  
compound formation does not occur to  a s ig n if ica n t extent in  the 
concentration range used in these experiments#
IV .6 A summary of the Microgravimetric and Electron Probe Micro­
analysis studies
The d iffu sion  co e ffic ie n ts  obtained from desorption curves on
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sph erica l specimens are reasonably s e lf -c o n s is te n t  but do not, 
however, agree very w ell with those found for cy lin d r ica l specimens, 
p a rticu la r ly  at low temperatures (figu re IV ,2 ) . Reference to  
figure IV#5 shows that the normalised concentration o f caesium a t  
the centre remains within 0.25 - 0.05 for desorption a t  
tenrjeratures between 975 and 1270 K, but f a l l s  to  zero a fte r  
desorption a t 1375 K.; th is  may r e f le c t  the longer duration of the 
experiment at 1375 K (figure IV .l)  in  addition to  the high 
temperature. This may a lso  be regarded as. additional evidence o f  
a two part d iffu sion  process, the fa ster  process causing caesium at 
the centre o f the specimen to  be completely removed. Furtheimore, 
the perceptib ly  lower d iffu sion  c o e ff ic ie n t  at 1375 K with respect 
to  that at 1270 K, suggests the donination o f the slower process 
a fte r  due time at 1373 K. Thus the slower d iffu sio n  process may 
be in vestigated  by an i n i t i a l  heat treatment and desorption a t 1373 K 
p rior to  desorption a t lower temperatures. The s ig n if ic a n t surface 
concentration would imply that a surface condition e x is t s .  This 
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Fjp;ure IV.1 Desorption of Caesium from G ilson ite  






Fifflire IV,2 Arrhenius plot of D iffusion C oeffic ien ts  
fo r Caesium in Spherica l specimens of 
G ilson ite  Graphite
Run No* by datum point 
F data of F la /e rs  e t  a l ,  (l?72)
o
Figure IV,3 Part  of Typical E lectron Probe 





F : l ure IV,h (a) Caesiurn Concentration P ro files  through
Spherical specimens of G ilson ite  Graphite
a f t e r
Adsorption ( Run 3)
Adsorption and heat 








e d g e r/a centre
Figure IV,U (b) Caesium Concentration P ro files  through 
Spherical specimens of G ilson ite  Graphite 
a f te r
desorption a t  ?73 K ( Run 5) 
desorption a t  10^3 K ( Run 6)
desorption a t  1177 K ( Run 7)
desorption a t  127G K ( Run 8)
desorption a t  1373 K ( Run 9)
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Fjmjire I V Normalised Concentration P ro file s  of 
Caesium in  G ilson ite  Graphite 










25 26 2 7
Double Bragg Angk (Cu Kcx radiatbn)
Figure IV«6 The 002 peak p ro f i le s  of G ilson ite  Graphite samples
i  G ilsonite  Graphite
i i  Caesium-Gilsonite Graphite ( 17#3 mg g" )
70
CHAPTER V
FURTHER MTCROGRAVIMETRIC STUDIES ON THE CAESIUM-GILSONITE GRAPHITE 
AND THE CAESIUM-FINE GRAIN GRAPHITE SYSTEMS
This chapter describes the f in a l s e t  o f microgravimetric 
experiments on the caesium -gilsonite graphite system prompted by 
the information gained from the work o f the previous chapter. 
Microgravimetric experiments on the sorption and d iffu sion  of  
caesium in a fin e  grain graphite are a lso  described, the fin e  
grain graphite being sim ilar to  that used as the fu e l matrix in 
the Dragon Reactor. This i s  followed by a d eta iled  analysis of  
the equations used to  obtain the d iffu sio n  c o e ffic ie n ts  which is  
divided in to  three sections : -  ( i )  the approximate so lu tion  used 
in  Chapters I II  and IV; ( i i )  an a ltern ative  approximation to  the 
d iffu sio n  equation, and ( i i i )  a numerical so lu tion  o f the f u l l  
d iffu sio n  equation. The chapter i s  concluded with a b r ie f  
d iscu ssion  of the various analyses used.
V .l  Microgravimetric experiments and resu lts
The electron  probe microanalysis resu lts  in  Chapter IV suggested  
that a second, slower diffusicaa mechanism was present and that th is  
was most apparent during desorption a t high temperatures, circa  
1570 K. In order to  in vestiga te  th is  mechanism a modified sorption  
experiment (Run 10) was performed which comprised ( i )  adsorption at 
470 K; ( i i )  heat treatment at 570 K; ( i i i )  an i n i t i a l  desorption  
period a t 1570 K followed by ( iv )  desorption at temperatures between 
1275 K and 975 K, Desorption curves were obtained from a ser ies  o f  
decreasing temperature in terva ls (Runs lOi to  lOv) followed by a
71
ser ie s  of increasing temperature in terva ls (Runs lOvi to  lO v ii i) ,  
Figure V .l shows the i n i t i a l  portion o f the desorption curve 
obtained, for desorption at 1575 K, the remainder comprised 
lin ea r  desorption curves varying with temperature only. The 
d iffu sion  c o e ffic ien ts  were found using equation IV .1 and are 
presented in Table V .l  together with other relevant data o f  
Run 10. The resu ltant Arrhenius p lo t o f the d iffu sion  c o e ffic ie n ts  
i s  shown in figure V .2, together with the data o f Flowers e t  a l .  
( 1972) .  A fter the desorption experiments were completed, the 
specimen was subjected to  electron  probe m icroanalysis follow ing  
the procedure described in Chapter IV .5; the resu ltant caesium 
concentration p r o file  is  shown in figure V .5.
The d iffu sion  co e ffic ie n ts  obtained from Run 10 show a higher 
temperature dependence than those from Runs 5 to  9« I t  i s  o f . 
in te r e st  to  note the reproducib ility  that i s  obtained in the 
d iffu sio n  c o e ffic ien ts  o f Runs 9 and lO i, both undergoing desorption  
at 1575 K. The d iffu sion  c o e ff ic ie n ts  obtained in Run 10 at lower 
temperatures appear to  confirm the theory o f a two phase d iffu sio n  
mechanism. The concentration p r o file  (figu re V.5) however does 
not follow  that expected frcm the previous p ro file s  (figu re IV. 
in that caesium is  s t i l l  present at the centre, contrary to  the trend 
shown in figure IV. ^ . Further d iscussion  on these resu lts  w il l  be 
l e f t  to  Chapter VI where a canprehensive analysis w i l l  be made.
The experimental program was extended to  include measurements 
o f sorption and d iffu sio n  of caesium in  a fin e  grain graphite. The 
choice of th is  graphite was made for two reasons, ( i )  i t s  
technological importance within the Dragon Reactor and ( i i )  i t s  
d ifferen t structural ch aracter istics  to  g ilso n ite  graphite (see
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Appendix l ) .  Due to  the lack o f tim e, a comprehensive program 
s im ilar  to  that carried out on the g ilso n ite  graphite was not 
p o ss ib le , and a shorter experimental program was designed with 
reference to  the information obtained from electron  probe 
m icroanalysis and desorption experiments on g ilso n ite  graphite.
A spherical specimen (nominal diameter 6 mm) o f the fin e  
grain graphite was subjected to  p rior heat treatment at 
approximately 25OO K for 48 hours under a vacuum (approximately 
0 .1  mN m”^) in order to  remove v o la t i le  im purities. The increase  
in  time and temperature of th is  heat treatment compared to  
g ilso n ite  graphite (1970 K for 24 hours) was made as a re su lt  of 
advice (Hick, 1973) that the graphite had not been subjected to  
temperatures in excess o f I 9OO K during i t s  manufacture and hence 
was considerably le s s  pure than the g ilso n ite  graphite. A sorption  
experiment (Run U )  was performed on a sample o f fin e  grain graphite; 
th is  experiment consisted  o f ( i )  adsorption a t 473 K, ( i i )  heat 
treatment at 573 K and ( i i i )  desorption a t 1573 K; d e ta ils  are given 
in  Table V .2. The desorption curve is  shown in figure V.4; a . 
d iffu sio n  c o e ff ic ie n t  was ca lcu lated  from the la te r  part using  
equation IV .1 and is  tabulated in Table V .2. A fter the conclusion  
o f the sorption experiment, the specimen was subjected to  electron  
probe m icroanalysis but owing to  the low le v e ls  o f caesium present 
( to ta l  weight o f caesium within the specimen 840 ^g) no X-ray 
em ission from caesium was detected .
A further experiment was performed on the fin e  grain graphite 
(Run 12) ,  the adsorption and heat treatment program being d eta iled  
in  Table V .2, and desorption was followed oyer a range o f increasing  
temperatures, the d e ta ils  o f which are given in  Table V .2.
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D iffusion  c o e ffic ie n ts  were calcu lated  frcm the desorption  
curves (figure V.5) and are tabulated in Table V .2. The resultant 
Arrhenius p lo t o f the d iffu sion  c o e ffic ie n ts  obtained frcm work on 
the fin e grain graphite is  shown in  figure V .6 . The p lo t h igh lights  
the discrepancy between the d iffu sion  c o e ffic ie n ts  obtained frcm 
desorption a t 1575 K (Runs 11 and 12v) and the reproducib ility  
obtained in Runs 9 and lO i. Figure V.6  a lso  shows the ’turn ovei ‘ 
o f the d iffu sion  co e ffic ie n ts  o f Run 12 more dram atically than was 
observed in the g ilso n ite  graphite (see figure IV .2 ) . However, 
further d iscussion  w il l  be l e f t  to  Chapter VI, when the observations 
made upon the fin e  grain graphite can be interpreted in the lig h t  o f  
observaticMis made upon the g ilso n ite  graphite.
V.2 The F irst Approximate Solution  of the D iffusion  Equation
In Chapters I I I . 5 and IV .2, equations I I I . 2 and IV .1 
resp ectiv e ly  were introduced as equations su itab le  for  preliminary 
an alysis o f the desorption curves. I t  i s  the purpose o f th is  and 
the two follow ing sections to  in v estig a te  the b asis  o f these  
equations and to  consider a ltern ative  analyses.
According to  Fick, Jost ( I 96O), the d iffu sio n  of a species in  a 
medium can be described by the follow ing equations
-D ^C V .l
where F i s  the flu x  per un it area and
the other terms taking th e ir  previously defined meaning.
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Equations V .l  and V.2 represent a one dimensional system with a 
d iffu sion  constant independent o f tim e, concentration and p o sitio n . 
Equation V.2 can be transformed to  cy lin d r ica l co-ordinates
1 > /  r D i _ c \
r  è r  yÔ t
and to  spherical co-ordinates
l £
àt
Equation V.5 is  restr ic ted  to  rad ial d iffu sio n  only and hence end 
e f fe c ts  are neglected . I f  i t  i s  further assumed that there e x is ts  
a t zero time a uniform concentration o f the species throughout the 
cylinder or sphere, o f radius a, except a t the surface (r  = a) where 
the concentration i s  zero and independent o f tim e, and that there 
e x is ts  no surface e x it  resistance for the sp ec ie s , i . e . ,  no barrier  
to  evaporation, then equations V.5 and V.4 can be solved . Crank 
( 1967) ,  to  give the radial d iffu sio n  out o f a cylinder
00
V  °0 •  12 h exp( J)4t)/a2a2 v.5
n 1
where ^  i s  the n^^ root o f the zero order B esse l function  
and for d iffu sio n  out o f a sphere
qO
/  ^0 » 6 ^2  Gxp( rOtA^nVa^) /  n2rr2 y »7 
n “ 1
Equations V.5 and V.7 may be approximated by taking the f i r s t  term 
o f the summation and n eglecting  the second and subsequent terms in  
which case equations I I I . 2 and IV .1 are obtained. I t  i s  reasonable 
to  propose that th is  approximation is  v a lid  when the second teim
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i s  le s s  than or equal to  1^ o f the f i r s t  term, therefore the third  
and subsequent terms are a lso  n e g lig ib le , in which case the condition  
for the cy lin d r ica l case is  given by
U exp( -D t^ |) /  ^   ̂ Gxp( /  lOOa^^ -̂ V.8
and su b stitu tin g  for the f i r s t  two non-zero roots o f equation V.6 i t  
can e a s ily  be shown that th is  condition is  met when
D t / a 2 >  0.102 V.9
For the spherical case the condition i s
exp( -Dtn^U /  a^) /  U ^  exp( -Dtn^ /  a?) /  100 V.IO
whence the condition
Dt /  a2 >  0.106 V . l l
can e a s ily  be obtained. Thus, use o f equations I I I . 2 and IV .1 
im plies that Dt/a^ takes a value larger than approximately 0 .1 .
In the present work the range of values for Dt/a^ varies from 
in f in i t e ly  small (a t t  = O) to  a maximum value o f approximately 
0.05 (Run l l )  and hence the use o f equations I I I . 2 and IV .1 i s  
not fu lly  J u stif ied .
V.5 The second approximation so lu tion  o f the d iffu sio n  equation
The analyses which follow  are confined to  specimens o f  
spherical geometry due to  the errors which a r ise  with cy lin d rica l 
specimens from n eg lectin g  end e f fe c t s .  For spherical geometry 
equation V.4 can be solved , Crank (1967), using a Laplace 
Transformation to  give
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= 1 - 6(Dt/n) /a  + 5Dt/a^ -  ( 1 2 (D t )V a )^  ie r f(n a /(D t)^
n=JL
V.12
(equation V.7 i s  found using a Fourier Series transformation)
I f  the summation te m  in equation V.12 is  n eg lig ib le  compared to  
the other terms o f the right hand s id e , equation V.12 reduces to  
a quadratic equation in the term (D t)^/a. Assuming that the f ir s  : 
term of the summation of equation V.12 is  le s s  than 1^ of the other 
terms of the right hand side o f equation V.12 and that therefore the 
second and subsequent terms of the summation are a lso  n e g lig ib le ,  
the condition can be expressed in  the form
The so lu tion  of equation V .l )  i s  complicated by the presence o f the
ie r f  term. However, by the use o f an ite r a t iv e  techique, the
condition
%  <  0.66  V .l4
was found to  s a t is fy  equation V . l ) .  Thus the approximation is  
b e tter  su ited  for application to  the present work than the previous 
approximation leading to  equations I I I . 2 and IV .1. In such a case, 
equation V.12 approximates to
C./C_ = 1 - 6  /D t\^  + )Dt/a^ V .l)
® w
As previously sta ted , equation V .l )  i s  a quadratic equation whose 
roots are
(Dt/a^)^ = ^  5 (T “ V .l6
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The p o sit iv e  root of equation V .l6  leads to a negative and therefore  
p h ysica lly  meaningless d iffu sion  c o e f f ic ie n t , whereas the negative  
root gives a p o sitiv e  d iffu sion  c o e f f ic ie n t . The data of Runs ) to  
12 were analysed using equation V ,l6  and the squares o f the resu ltant  
negative roots and th e ir  corresponding time values were subjected to  
a le a s t  mean squares analysis to  obtain the d if fu s io n  codff jnienlr; 
and th e ir  standard deviations which are presented in Table V .)
V.4 A numerical so lu tion  o f the d iffu sio n  equation
I t  was decided to  attempt to  analyse the data by means of an
ite r a t iv e  technique to find  a value o f Dt/a^ which s a t is f ie d
equation V.7 for a given experimental value of C^/C^. In th is  way
an exact value o f Dt/a^ would be obtained and the resu ltant p lo t
against time should give the most accurate assessment o f the
d iffu sio n  c o e ff ic ie n t  based upon the hypothetical system. B r ie fly ,
a computer program was w ritten which took the value o f C./C , andW o
2
using a function supplied, obtained an i n i t i a l  estim ate o f Dt/a . 
Using th is  estimated value, a value o f was computed using
equation V.7* This value o f C^/C  ̂ was used in a m odification of  
Newton's method for estim ating roots to  obtain a b e tter  estim ate o f  
D t/a^. The process was repeated u n til  a value o f Dt/a^ was found 
which gave a computed value of C /̂C  ̂ equal to  the experimental 
value o f
The supplied function for the i n i t i a l  estim ate of Dt/a^, denoted 
by (Dt/a^)j_, was found by f i r s t  ccmpating values of Ct/Co for  se t  




  —  exp ( -(m + l)^  Dt 7T /a  ) ^  10" 1 exp (-n^tn^ /a^)
(m + 1)2 u=l 52
V .I7
Equation V#7 was used, rather than equation V.12, since the time 
for evaluation of equation V.7 on the computer is  fa ste r  than the 
evaluation of equation V.12 to  a sim ilar end condition o f equatioi.
V .I7 . The data so obtained, o f C. /̂Ĉ  versus Dt/a , was subjected
to  a m ultiple regression routine (supplied by I.C .L . S ta t is t ic a l
Package) to  f i t  the equation
log  (w) = b + c log (~  - 1) + d (log  (^ - 1))^ + e (lo g  (i - l ) )^
+ f ( lo g  ( i  -  1 ))4  + g (log  ( |  -  1))^ V .I8
2
where w and v are the variab les, equivalent to  Dt/a and C /̂C  ̂
resp ectively ; and b , c , d, e , f  and g constants. Equation V .I8 
i s  derived from the equation
V = 1 /(1  + exp (hw + J)) V .I9
where h and j are constants. Equation V.19 has the same shape
as equation V.7> in that both v and C /̂C  ̂ tend to  unity  for  low w
2 2 and Dt/a resp ectively  and a lso  tend to  zero for  large w and Dt/a
resp ectiv e ly . Rearrangement o f equation V .I9 leads to
w = ln ( l /v  -  l ) / h  -  j /h  V.20
Since the values of Dt/a ranged over f iv e  orders o f magnitude in  
the present work, equation V.20 was transposed to  take the form of  
equation V .I8 . The regression routine was allowed to  reject terms 
on the right hand side o f equation V .I8 in order to obtain the b est  
f i t  in terms o f both the standard error of the curve and the
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e f f e c t i v e  c o n t r i b u t i o n  o f  e a c h  t e r m ,  a n d  g a v e  a  f i t  o f  t h e  fo rm
l o g  ( D t / a ^ )  = b  + c l o g  ( c y c ^  -  l )  + e  ( l o g  -  l ) ) ^  V .2 1
U s in g  e q u a t i o n  V .2 1  t h e  e x p e r i m e n t a l  v a l u e  o f  d e n o te d
b y  (C ^ /C q) q w as i n s e r t e d  t o  o b t a i n  t h e  i n i t i a l  e s t i m a t e  o f  ( D t / a ^ ) ^ ,  
A f u n c t i o n
6
n 1‘
w as d e f i n e d ,  w h e re  w i s  a  v a r i a b l e ,  d i f f e r e n t  f ro m  t h a t  i n  e q u a t i o n
w = ( C t/C jg  -  ^2 X )  „2 V.22
V # l8 ,  s o  t h a t  f o r  t h e  r o o t  o f  e q u a t i o n  V .2 2  a  v a l u e  o f  D t / a ^  w o u ld  
b e  fo u n d  f o r  t h e  v a l u e  o f  ( 0 . / c  ) .V o 6
B e c a u s e  t h e  f i r s t  d e r i v a t i v e  o f  e q u a t i o n  V .2 2 ,  b e i n g
d (D t/a ^  n ^ l
i n v o l v e s  a  su m m atio n  w h ic h  i s  s lo w  t o  c o n v e r g e ,  t h e  m e th o d  o f  
N e w to n 's  fo r m u la  f o r  a p p r o x im a t io n  t o  t h e  r o o t  o f  a n  e q u a t i o n  i . e .
Vg = V -  f ( V ) / f > ( V )  V .2 4
w h e re  V i s  a v a r i a b l e ,  d i f f e r e n t  fro m  t h a t  i n  e q u a t i o n  V . l 8 ,  a n d  
Vg a b e t t e r  e s t i m a t e ,  w as m o d i f i e d  t o
"b “ V.25
-  f(Vg)
w h e re  t h e  f i r s t  d e r i v a t i v e  h a s  b e e n  r e p l a c e d  b y  t h e  g r a d i e n t  o f  t h e  
f u n c t i o n  n e a r  t h e  e s t i m a t e  o f  t h e  r o o t .  T h u s a  b e t t e r  e s t i m a t e  o f  
D t / a  c a n  b e  fo u n d  b y  t h e  u s e  o f  e q u a t i o n  V .2 )  w h e re
ex p  ( - n ^ t n ^ / a ^ )  V .2 )
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= (D t /a " ) ,
V = l . l ( D t /a " ) ,
o O
and « (Dt/a , the b e tter  estim ate of D t/a •
2 2The process was iterated  by using (Dt/a in 'p lace  of (D t/a
and continued u n til  the condition
w <  2(C./C 1 0 V. 26
t  O G
was s a t is f ie d .  The process was then repeated with a new value o f
—  2 (Ct/C^)g to  obtain the corresponding value o f Dt/a . I t  was fr und
that the condition o f equation V.26 was s a t is f ie d  within ten
ite r a t iv e  step s, due mainly to  the good f i t  o f equation V .21.
p
The resu ltant Dt/a values obtained and th e ir  corresponding 
time values were subjected to  a le a s t  mean square analysis and the 
d iffu sio n  co e ffic ie n ts  and th e ir  standard deviations are tabulated  
in  Table V .) ,  together with the d iffu sion  co e ffic ie n ts  found by the 
f i r s t  approximation (equation IV .l)  and those found by the second 
approximation (equation V .l6) .  Figure V.7 shows the Arrhenius 
p lo t  of the d iffu sion  c o e ffic ie n ts  of the g ilso n ite  and fin e  grain 
graphites obtained from the numerical so lu tio n .
V .) A Discussion o f the Methods o f A nalysis and Conclusions
The data used for  both the quadratic equation method and the 
numerical so lu tion  method were restr ic ted  to  that which was used for  
the f i r s t  approximation, i . e .  the la te r  portions o f the desorption  
curves, and hence the three d iffu sion  c o e ffic ie n ts  are d ir e c tly  
comparable, both in value eind standard d eviation . I t  i s  a lso  o f  
in te r e st  to  note that in  none o f the methods used did the p lo t o f  
the p articu lar function against time have a zero in tercep t. This
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i s  because.the actual time origin  used in  every run did not coincide  
w ith the e f fe c t iv e  time o r ig in . However, for each technique, the 
d iffu sio n  c o e ff ic ie n ts  were calculated from the gradient of the 
appropriate plot and thus are independent of time or ig in .
The analysis by the f i r s t  approximation i s  shown to  be 
considerably in error since the condition of v a lid ity  of equation
V . l l ,  i . e .  Dt/a^ greater than 0 .1  i s  never held . The second 
approximate so lu tion , the quadratic equation method, i s ,  however, 
v a lid  for the experimental conditions used in  the present work and 
therefore more credence can be attached to  the d iffu sio n  
c o e ff ic ie n ts  so ca lcu la ted . The d ifferen ce in  d iffu sion  
c o e ff ic ie n ts  between the f i r s t  and the second approximation i s  shewn 
most dramatically in Runs 5 to  9 and 12 (Table V .3 ). There i s  not 
a dramatic d ifference between the d iffu sio n  c o e ff ic ie n ts  obtained by 
the quadratic equation method and the numerical so lu tion  method.
No r e la tio n  in  the standard deviations can be found^ in  sane cases 
the best f i t  is  found by use of the f i r s t  approximation, in  others
the best f i t  is  found by the second or th ird method.
The Arrhenius p lot of the numerical so lu tion  values of d iffu sio n  
c o e ff ic ie n ts  (figure V .7 ) shews two d e f in ite  activa tion  energies for
the g ilso n ite  graphite in  Runs 5 to  9 and Run 10 (Table V.U). I t
i s  in terestin g  to note that w h ilst the a ctiv a tio n  energy of Runs 
5 to  9 is  ju st over half that of Run 10 the d iffu sio n  c o e ffic ie n ts  
of Run 9 and lOi agree w ithin two standard d ev ia tion s. The 
d iffu sio n  co effic ien t, for Run 9 is  lower than that which would be 
expected by extrapolation of the d iffu sio n  c o e ff ic ie n ts  of Runs 5 to  
8, leading to  a 'turn over* in the Arrhenius plot (figure V.7) .
A sm aller e f fe c t  is  found for the f in e  grain graphite (Run 1 2 ).
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The d e fin ite  change in  activa tion  energy of Runs 5 to  9 and 
Run 10 ind icates that a d ifferen t rate con tro llin g  mechanism 
occurs in  Run 10 due possibly to  the presence of the i n i t i a l  
desorption stage at 1373 K (Run lO i) causing the concentration  
p ro file  to  change compared to that which occurs in Runs 5 to  8 .
Thij w i l l  be further discussed in  Chapter VI,
The methods of analysis used are a l l  based upon the model c ited  
in  V ,2. However, i t  i s  concluded from electron  probe
microanalysis stud ies that a two phase d iffu sio n  mechanism is  
occuring in  the system, which i s  contrary to  the assumed model.
The ju s t if ic a t io n  for the use of th is  model in  analysing the desorption  
curves w i l l  be considered in Chapter VI, but i t  i s  appropriate to  
comment here that there appears to  be l i t t l e  extra ben efit in  the use 
of the numerical so lu tion  method rather than the second approximation 
method, esp ec ia lly  in view of the complexity of the ca lcu lations  
required for the former method. Hwever, the numerical so lu tion  
re su lts  w i l l  be quoted in  view of th e ir  a v a ila b il ity .
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TABLE V .l
D iffusion C oefficients and Desorption Data& for 





I n it ia l  Cone.
at Time 
(mg g -1) (min)
Final Cone, 
at Time 
(mg g -1 ) (min)
(m s - 1 ) 
X I 0I2
lOi 1373 29.91 UO 25.31» 330 3 7 .L t  2 .5
lO ii 1273 25.2 360 21».92 l»70 13.3 ± 0.1»
lO ii i 119h 2U.88 500 2U.71» 590 8.9  -  0.2
lOiv 1073 21».7 660 2l».l»9 910 5.0  t  0.3
lOv 980 21».'j9 9l»0 2l».U7 ll»80 0.17 -  0.13
lOvi 1073 2l».l»7 1)»90 2l».l»2 1630 2 .0  i  0. 1»
lO vii 1165 2l».l»l 161»0 2U.2I» 17l»0 10.1 i  0 .1»
lO v iii 1272 21.22 1750 23.9 1860 18.7 i  0.3
Adsorption of 3 9 . mg g“  ̂ in 1 hour at 




D iffusion C oefficients and Adsorption 
/Desorption Data for Caesium-fine 





























979 52.9 36.2 5.0  i  0.5
12 i i - - 1076 3 5 .b 31.8 10.2 i  1.3
12 i i i - - 1177 30.9 25.7 19.7 -  2.2
12 iv - - 1272 23.6 17.7 IU.3 -  0.8
12v - - 1381 15.3 11.2 10.5 ± 0.7
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TABLE V.3
D iffusion  C o effic ien ts  ca lcu la ted  by 
the various methods of an a ly s is
D iffusion  C o effic ien t (m̂ s “^) X 10^2
Run
No.





S o lu tion
Temp.
(K)
G ilso n ite  Graphite
5 8.80 ± 0.90 3.23 + 0.31 2.8b + 0.26 973
6 11.7 + 0.90 7.80 ± 0.59 7.2b ± 0.5b 1053
7 bO.9 + 5.2 28.8 ± 3 .b 26.9 ± 3 .1 1177
8 50.2 ± b.8 bb.3 ± 3 .9 b l.b ± o . b 1270
9 36.9 + 3 .9 3b.b + 3.2 32.3 + 3 .5 1373
lO i 3 7 .h 2.5 3 7 .b + 2.5 37.9 ± l .b 1373
lO ii 13.9 ± O.b l b .2 ± O.b 11.9 ± 1.3 1273
lO i i i 8.88 + 0.18 9.15 0.22 8.b2 + 0.21 119b
lOiv 5.02 - 0.31 5.19 - 0.32 b.78 - 0.29 1073
lOv 0.17 + 0.13 0.18 i 0.1b 0.17 ± 0.13 980
lOvi 1.99 ^ O.UO 2.12 + o.b5 1.91 + O.bO 1073
lO v ii 10.1 + O.b 10.7 + 0.8 9.68 + O.bO 1165
lO vii: 18.7 ' 0.3 22.8 + 3 .1 19.3 + 1.6 1272
Fine Grain Graphite
11 68.9 1.2 79.9 + 1.1 68.9 + 2.3 1373
12 i b.99 + 0.b8 2.55 + 0.22 2.29 + 0.22 979
1 2 ii 10.2 ± 1.3 6.33 ± 0,76 5.75 ± 0.69 1076
12 i i i 19.7 + 2.2 lb  .8 + 1.5 13.9 i  l . b 1177
12 iv lb .3 + 0.8 13.5 + 0.7 12.8 i 0.7 1272
12v 10.5 + 0.7 11.1 + 0.7 10.1 ± O.b 1381
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TABLE V.b 
Log (Dq) and A ctiv a tio n  Energy 
of the various Runs derived by 
le a s t  mean squares an a ly s is  
using the Numerical S o lu tion  
D iffusion C o effic ien ts
Run N o's. Log ( D q  s m~2) AH (kJ m ol-l)
5 - 9 -7.UU i  0.70 75 ± 18
10 -5.12 ± 0.23 137 ± 31




Figure V .l I n i t i a l  portion of the D esorption 
Curve of the Caesium -G ilsonite 
Graphite system a t  1373 K ( Run 10)
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Fissure V.2 An Arrhenius p lo t of D iffusion  C o effic ien ts  
of Caesium in  G ilson ite  Graphite ( Run 10)
Run No, by datum point 









Figure Vc3 Caesium Concentration P ro file  through a 
S pherical specimen of G ilso n ite  Graphite 
a f te r  desorption  a t  various tem peratures
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Figure V«U Desorption of Caesium from Fine
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Figure V«S Desorption of Caesium from Fine 
Grain Graphite a t Various 
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Figure V,6 An Arrhenius p lo t of D iffusion  C o effic ien ts  
of Caesium in  Fine Grain Graphite 
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An Arrhenius p lo t of D iffusion  C o effic ien ts  
fo r  Caesium in  G ilso n ite  ( G.G.) and Fine 
Grain ( F .G .) Graphites ( Runs 5 to  12)
i  Upper and lav e r boundaries
i i  Runs 5 to  9
i i i  Runs 11 and 12
iv  Run 10
V data  of Plovers e t  a l ,  (1972)
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CHAPTER VI
THEORETICAL PREDICTIONS OF DIFFUSION EQUATIONS
This chapter is  concerned with some variations on the simple 
d iffu sio n  model employed in Chapter V. Consideration of the e f fe c t  
o f a non-uniform concentration p r o file  is  made, and an analysis of  
the case of a f in it e  surface resistance condition is  presented.
The chapter ends with a three part d iscussion  on a two component 
d iffu sio n  model and postu lates an explanation for the desorption  
curves and caesium concentration p r o f ile s .
V I.1 Non-Uniform Concentration P ro files
The concentration p r o file s  o f the caesium -gilsonite graphite 
system observed at various stages in  the adsorption, heat treatment 
and desorption programmes (figu res IV .5 and V .)) show that at a l l  
stages during the programme a non-uniform concentration p r o file  
e x is t s .  Since equations V.7 and V.12 are based upon an assumption 
of an in i t i a l  uniform concentration p r o f ile ,  th e ir  v a lid ity  is  
suspect.
For an in i t i a l  non-uniform concentration p r o f ile ,  given by 
j.Cq = b + cr + dr^ + er^ + fr^ + gr^ V I.1
where pC^ i s  the concentration at a radial p osition  r within the 
sphere of radius a a t zero time and b ,c ,d ,e , f  and g are constants 
(d ifferen t from those used in previous chapters) the solution  o f  
Equation V.4 is  given by Van Orstrand (igAo) as
9$
oO
r^t 2 sin  (nnr/a) exp f (a ,n ) /a r  V I.2
n = 1
where is  the concentration at radius r and time t .  The function  
f (a ,n )  is  given by
2 2 2 f(a ,n )  = ba ( -nn cos(nrr))/n tt
+ ca^(-(n^7T^ -2)cos(n ')-2)/n^7^
+ da^(-(n^n^- 6nTr)cos(nT^) )/n^rr^
+ ea^(-(n%'^-12n^TT^+ 24)cos(nn)+24)/n^rr^
+ fa (̂-(n^TT -̂20n"'Tr^+ 120n T%) c o s ( n n) ) /h^rr^
+ ga^(-(n^M ^-50n^A ^60n^r/ -720)cos(nn)-720)/n^n^ V I . 3
The mean concentration at time t  Is
OO
 ̂ exp (n^Dt7T^/a^)f(a,n)/na^TT V I.4
n » 1
and the i n i t i a l  mean concentration i s  
n*tl 2
= 6 ^ ( - 1 )  f(a ,n )/n a  ir V I .3
n = 1
since at zero time the exponential tenu in  equation V I.4 is  un ity .
The so lution  is  subject to  the other conditions involved in the 
so lution  o f equation V .?, i . e .  zero surface concentration, no 
surface e x it  resistance and a constant d iffu sio n  c o e ff ic ie n t  in an 
iso tro p ic  medium.
The constants o f equation V I.1 were found for the concentration  
p r o f ile  of the caesium -gilsonite graphite system a fte r  heat treatment 
a t 575 K (Run 4 ), by the use of a m ultiple regression routine 
(supplied by I.C .L . S ta t is t ic a l  Package) and the resu ltant f i t  to  
the or ig in a l data is  shown in figure V I.1 . Concentration p r o file s
p
fo r  various Dt/a values were then computed fron equations V I.2 and
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V I.5, using the cr iter io n  o f the (m + l )  term being l e s s  than ^
10  ̂ o f the sum to  m terms, to  terminate the summations; the 
resu lts  are shown in figure V I.2. Values of C-̂ /Cq vere a lso  
computed from equations V I.4 and V I .5 for  a range of values o f  
D t/a , the resu lts  being shown in figure V I .5 together with the 
resu lts  of a sim ilar computation based upon equation V.7; in  
both cases the summations were terminated using the cr iter io n  
stated  above. The resu ltant p r o file s  o f figure V I.5 c lea r ly  
show the re la tiv e  in s e n s it iv ity  of equation V.7 to  the in i t i a l  
concentration p r o f ile ,  the maximum error in the d iffu sion  
c o e ff ic ie n t  being a factor of two. Thus i t  may be concluded 
that the method developed in th is  work for estim ation o f d iffu sion  
c o e ffic ie n ts  from measurements of desorption, for  an in i t i a l  
uniform concentration o f d iffusant in an iso trop ic  medium, may be 
applied more generally to  i n i t i a l  non-uniform concentrations with 
only a small error.
However, comparison o f the experimental concentration p r o file s
obtained at various desorption temperatures (figu re IV .5) with those
calculated  from equation V I.2 (figure V I.2) shows that the la t te r
equation does not predict the variation  o f experimental
concentration p r o file s  with increasing desorption temperature ( i . e .
2
with increasing Dt/a ) .  This i s  seen most c lea r ly  in the curve
2
obtained a fte r  desorption a t 1575 K (Run 9)* The value of Dt/a
calculated from desorption k in etics  using the numerical so lu tion  o f
-2
equaticai V.7 (Chapter V.4) was 3 x 10 a t the end of the run.
2 —2 ”1 Interpolation  between the curves for D t/a at 10” and 10
calculated  from equation V I.2 (figu re V I.2) suggests a r e la t iv e ly
even concentration p r o file  in the centre o f the specimen tending to
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zero at the edge. However, the experimental curve for th is  
condition (figu re IV ,5) is  the reverse, with caesium 
concentration increasing as the surface is  approached.
I t  is  concluded, therefore, that the mechanism o f iso tro p ic  
d iffu sio n  occurring from an i n i t i a l  non-uniform concentration  
p r o file  cannot he reconciled with the experimental observations 
on the caesium -gilsonite graphite system. Indeed, the observations 
suggest an anisotropic d iffu sio n  process occurs which i s  dependent 
upon the complex structure of the g ilso n ite  graphite. This aspect 
w il l  be developed in Chapter V I.5 .
V I.2 Surface Evaporation o f Caesium
I t  has been previously stated  (Chapter I I I . 3) that the i n i t i a l  
rapid desorption of caesium from the graphites observed in the 
microgravimetric experiments may be attributed  to  surface evaporation. 
I t  has a lso  been noted (Chapter IV .6) that the f in i t e  surface 
concentration of caesium observed by electron  probe m icroanalysis 
may be due to  rate control by surface evaporation. In th is  
sectio n , the contribution that surface evaporation may make to  the 
desorption of caesium from the graphite w il l  be considered.
For a system where the flu x  d iffu sin g  to  the surface i s  equal 
to  the flu x  leaving the surface, we have
-d/L .cV •= «  ( C -  s  c )  V I.6
V
where o( i s  the surface em issiv ity  per unit area of surface, Ĉ the 
concentration Just within the surface, gC the gas phase concentration
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and S the stick in g  c o e ff ic ie n t . Equation V I.6 carries the 
im p lic it  assumption that the adsorption iso th em  of the surface can 
he described by Henry’s Law, i . e .
P = KC' V I.7
whfre K is  the Henry’s Law constant and the equilibrium surface 
concentration. Assuming an in i t i a l  uniform concentration in an 
iso tro p ic  spherical system of radius a, whose surface is  subject 
to  the condition o f equation V I.6, with a constant d iffu sion  
c o e f f ic ie n t , the d iffu sion  equation for radial flow (equation V .+) 
can be solved,Crank ( 1967  ̂ to  give
C /C = ^  6L̂  exp (-D tp^a^)
 ̂ °  n « 1 P^(P^ +L(L " l i r
V I.8
where
L = b. /̂D V I.9
and 6 is  the n^^ root of the equation
B cot( B ) + L - 1 = 0 V I.10n ' n'
the other terms having th e ir  usual s ig n ifica n ce . Equation V I.8 
describes the flux  leaving a sphere under Langmuir free evaporation 
conditions with an i n i t i a l  uniform concentration p r o file  and a 
surface concentration described by Henry’s Law.
However, M ilstead e t  a l .( l9 6 6 )  and others have proposed that 
the surface concentration o f caesium i s  determined by the Freundlich 
isotherm. For such a system equation V I.6 transforms to
= 0<(gC'“ - S  gC) V I.11
r=a
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where m i s the exponent of the Freundlich equation
P « K V I.12
2 8
being the Freundlich equation constant. Unfortunately there 
i s  no exact solution  of the d iffu sio n  equation fo r  a system  
subject to  the condition of equation V I.11. However, the surface
concentration varies over a r e la t iv e ly  small range (Table IV .l)  and 
thus Henry's Law can be applied to  cover th is  range with small error, 
Thus the so lu tion  o f equation VI. 8 can be used to  give a reasonable 
ind ication  o f the e f fe c t  of a f in it e  surface resistance upon the 
desorption rate .
The dimensionless constant L, sometimes known as the Sherwood
number, Bromley e t  a l . ( I 965), depends upon the re la tiv e  magnitudes
o f cx and D. Figure V I.4 shows the relationsh ip  between C^/C  ̂ and 
2
log(D t/a  ) for various values of L, computed from equation V I.8,
-6(the condition that the m + 1 term be le s s  than 10 o f the sum to  
m terms \ras used to  terminate the summation). I t  i s  in terestin g  
to  note that as L tends to  in f in ity ,  i . e .  c< becomes large with 
respect to  D, equation V I.10 tends to
oot ( Pn) = -  oo V I.15
i . e .  2  = nT\n
2 2and since L is  much larger than , equation VI. 8 reduces to
9 2 2 2 2
C /̂C  ̂ = 6 ^  exp ( -DtTT n /a  ) /n  rr V I .l4
n=l
i . e .  equation V.7 which describes desorption under ccxiditions o f zero 
surface re s ista n ce . The rela tion sh ip  given by equation VI.li^ i s  a lso
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shown in figure V I.4 and i t  can he seen that for L greater than 
100, the e f fe c t  of the surface condition is  n e g lig ib le . The 
e f fe c t  o f the surface condition is  c le a r ly  shown in a lin ea r  p lo t  
o f C^/C  ̂ versus Dt/a^ (figure V I .5) where the e f fe c t  of the 
v aria tion  of L i s  more c lea r ly  seen.
The rate o f desorption F, under Langmuir free evaporation 
conditions, i s  given by
i
F = EPK̂  (M/2/tRT) V I.15
where E is  the surface area and i s  the evaporation c o e ff ic ie n t ,  
the in sertion  o f equation V I.7 gives
i
F = EK K C  (M/27TRT) V I.161 s
I f  L i s  sm all, i . e .  the surface em issiv ity  i s  small compared with 
the d iffu sion  c o e f f ic ie n t , then to  a good approximation (an error 
o f le s s  than 5^) the concentration throughout the sphere i s  uniform 
over the whole o f  the desorption period and thus
and hence
-d (c p  = V I.17
dt dt
Integrating equation V I.l6  by the use o f equation V I.17 leads to
C^/Cq = exp (-K^t) VI. 18
where K is  a conglomerate o f the constants of equation V I .l6 .
3
The semilog and lin ea r  p lo ts  o f equation V I .l8  are a lso  shown in
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figures V I .4 and V I .5 resp ectiv e ly . I t  can be seen that the 
condition = gC  is  e f fe c t iv e ly  met for  values o f L ^  0 .1 .
Hence, for p ra ctica l purposes, desorption i s  controlled  by 
d iffu sio n  to  the surface for  values o f L > 100, that desorption is  
controlled  by surface evaporation for values o f L C 0 .1  and there 
i s  mixed d iffu sion  evaporation control o f desorption for 1 0 0 > L > 0 .1 .
Assuming that the la te r  part o f the desorption curves represents 
a sin g le  phase d iffu sio n  process, i t  i s  o f in te r e st  to  see the e ffe c t  
o f a f in i t e  surface em issiv ity  upon the surface concentration. The 
companion equation to  equation V I.8 for  the concentration a t any 
point within the sphere i s  given by Crank (196?) as
oO g
j,C^/Cq = 2La23 exp (-Dt /e? )  s in ( p ^ r /a )/ |r s in (  jS^)( jS^^+L(L-l))} 
n=l
V I.19
fo r  an i n i t i a l  uniform concentration. The concentration a t a 
rad ia l d istance o f r /a  = 0.99 was calcu lated  for  varying D t/a and 
L valu es, using the previously mentioned cr iter io n  for  the 
termination o f the summation. Figure V I.6 shows the variation  so 
ca lcu la ted , together with the observed values o f normalised surface
o
concentration p lo tted  against th e ir  resp ective Dt/a va lu es. The
values o f C used were the to ta l  i n i t i a l  concentrations and the o
values o f the d iffu sio n  co e ffic ie n ts  were those calcu lated  from 
equation V.15* Figure V I.6 suggests th at the d iffu sio n  flu x  in  
the la t te r  part of the desorption experiment i s  controlled  by a 
surface condition with a value o f L o f approximately 10. However, 
the e f fe c t  o f two phase d iffu sio n  and a non-uniform concentration  
p r o f ile  w il l  cause th is  value o f L to  be reduced. I t  i s  
in ter estin g  to  note that Bromley e t  a l .  (1963) reported a value of
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L = 4.25 for d iffu sion  o f caesium in  HX 10 graphite a t l4?3 K.
V I .3 The Multi component D iffusion  Model: General Considerations
From a knowledge o f the manufacturing processes and structures 
o f  the nuclear graphites used in  th is  study (Appendix l ) ,  one would 
expect that the d iffu sion  o f any component in  the graphite would b i 
complex and not amenable to  study using simple equations of  
d iffu sio n  th rou ^  an iso trop ic  medium. Indeed, considerable 
evidence has been presented in the previous sections for a m ulti ­
component d iffu sion  process. I t  i s  the aim o f th is  section  to  
show that w h ilst such a view i s  s t r ic t ly  correct, u sefu l data can 
be obtained from simple equations of d iffu sio n  sin ce , in certain  
circumstances, an approximate analysis may be an adequate 
d escription  o f the d iffu sion  process.
Fisher (1951) attempted a so lu tion  o f the d iffu sion  equations 
fo r  a system composed o f a semi in f in ite  so lid  o f r e la t iv e ly  low 
d if fu s iv ity ,  having a semi in f in it e ,  h ighly permeable slab of  
thickness 6 imbedded in i t ,  as shown in figure V I.7* Using the 
boundary conditions o f a zero in i t i a l  concentration in the so lid ,  
with the surface maintained a t a fixed  concentration from zero 
time onwards ; assuming the slab to  be so th in  that the concentration  
varia tion  across i t s  width i s  n eg lig ib le  and that no d iffu sio n  occurs 
from the surface in to  the bulk, then Fisher found that the 
concentration at any point within the slab could be approximately 
expressed by
x .y V g C  = e x p / - y j j  j^j Dg j  erfc jx /(2 (D ^ t)^ ) |  V I.20 
where D  ̂ and Dg are the d iffu sion  c o e ffic ie n ts  in the h ighly
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permeable slab and the low d if fu s iv ity  m aterial resp ectiv e ly .
In a more exact analysis o f the system, Whipple (195^) showed th at  
the influence o f the slab only became apparent for the condition
/2Dg ( D g t ) ^  > 1  V I . 21
I f  the condition o f equation V I.21 i s  not held , then the system 
reverts to  a simple semi in f in ite  homogeneous medium whose 
concentration p r o f ile  may be expressed by
yCt/gC = erfo (y /2 (D g t)h  V I.22
I t  is  p ossib le  to  in terp ret q u a lita tiv e ly  the anomalous 
concentration p ro file s  observed in th is  work using equation V I.20. 
Figure V I.8(a) shows q u a lita tiv e ly  the concentration p r o file  Jn 
both the X and y co-ordinates a fter  a small period of inward 
d iffu sio n  according to  equation V I.20. The p r o file  shows the 
r e la t iv e ly  deep penetration down the slab (the plane o f the axes 
c and y) and the small extent of d iffu sio n  in to  the bulk. This 
p r o f ile  i s  based upon calcu lations of Fisher (1951) using a value 
o f D^/t)g = 10^ and a value for the condition of inequality  VI.21  
o f 5.10 . The e f fe c t  o f d iffu sio n  from the surface in to  the bulk 
i s  n eglected . Figure V I.8(b) shows the e f fe c t  that heat treatment 
has upon the concentration p r o f ile ,  causing an e f fe c t iv e  f la tten in g  
o f the slab concentration p r o f ile ,  coupled with further d iffu sio n  
in to  the bulk. The surface i s  s t i l l  maintained at a fixed  
concentration, which i s  however s l ig h t ly  le s s  than ^C. Figure 
V I.8 (c) shows the change in the concentration p r o file  produced a fte r  
a short period of desorption under Langmuir free evaporation 
cond itions, in which the slab concentration p r o file  has fa lle n  near 
the surface. A fter a longer period o f time for  desoip tion , the
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slab concentration drops to  e f fe c t iv e ly  zero, since outward 
d iffu sio n  from the slab is  rapid and the rate of the d iffu sio n  
process i s  now dependent upon d iffu sio n  from the bulk in to  the 
slab (figu re V I .8 (d )) . I t  can be seen that the d iffu sio n  flux  
in  the slab and the bulk is  obeying P ick's f i r s t  law in  a l l  stages  
o f figu re V I.8. However, outward d iffu sion  represented by figure  
V I.8(c) and (d) occurs against an overa ll caesium concentration  
p r o f ile  which i s  in  apparent contradiction to  P ick's Law. Thus 
the behaviour of the caesium -gilson ite graphite system can be 
in terpreted  in general terms by means o f a two-part d iffu sio n  model 
with a surface condition.
V I.4 The Multicomponent D iffusion  Model: D etailed  Considerations
A more d eta iled  in terpretation  o f the e f fe c ts  o f adsorption, 
heat treatment and desorption upon the transport o f caesium in  
graphite according to  the multicomponent d iffu sio n  model i s  now 
presented. During the i n i t i a l  adsorption period a t 470 K, caesium 
d iffu se s  in to  the specimen along the high d if fu s iv ity  paths, 
resu ltin g  in  a h i ^  concentration near the surface. Heat treatment 
a t 575 K allows the continued inward d iffu sio n  along the high 
d if fu s iv ity  paths and, to  a le s s e r  exten t, in to  the low d if fu s iv ity  
m ateria l. The f la t  concentration p r o file  observed in the inner 
region o f the specimen a fter  heat treatment, (Run 4, figure IV .5) 
in d ica tes that the fa s t  d iffu sio n  process has had time to  e sta b lish  
a uniform concentration p r o file  in the high d if fu s iv ity  paths 
throughout the graphite. Thus the higher caesium concentration in  
the outer portion o f the specimen represents d iffu sio n  in to  the low 
d if fu s iv ity  m aterial, which has been enhanced by the high
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c o n c e n t r a t i o n  g r a d i e n t s .
On i n c r e a s i n g  t h e  t e m p e r a t u r e  o f  t h e  s p e c im e n , d e s o r p t i o n  o f  
c a e s iu m  o c c u r s .  I n i t i a l l y ,  t h e  e x t e r i o r  s u r f a c e  o f  t h e  s p e c im e n  
u n d e r g o e s  a  r e d u c t i o n  i n  c a e s iu m  c o n c e n t r a t i o n  b y  d i r e c t  e v a p o r a t i o n .  
A l s o ,  d i f f u s i o n  o c c u r s  a lo n g  t h e  h ig h  d i f f u s i v i t y  p a t h s  t o  t h e  
d e p l e t e d  e x t e r i o r  s u r f a c e s  w h e re  e v a p o r a t i o n  o c c u r s .  T h e  f l u x  
a s s o c i a t e d  w i t h  t h e  h i g h  d i f f u s i v i t y  p a t h s  i s  r e l a t i v e l y  l a r g e  
i n i t i a l l y ,  b u t  d e c r e a s e s  b e c a u s e  o f  t h e  d e c r e a s i n g  c o n c e n t r a t i o n  
g r a d i e n t  a lo n g  t h e  h i g h  d i f f u s i v i t y  p a t h .  H o w ev er, a s  t h e  
c o n c e n t r a t i o n  i n  t h e  h ig h  d i f f u s i v i t y  p a t h  d r o p s ,  d i f f u s i o n  fro m  
t h e  lo w  d i f f u s i v i t y  m a t e r i a l  i n c r e a s e s  b e c a u s e  o f  t h e  i n c r e a s e d  
c o n c e n t r a t i o n  g r a d i e n t .  A f t e r  d u e  t i m e ,  t h e  h i g h  d i f f u s i v i t y  p a t h s  
b eco m e a lm o s t  c o m p le te ly  d e p l e t e d  o f  c a e s iu m  a n d  d i f f u s i o n  now 
e f f e c t i v e l y  o c c u r s  f ro m  t h e  lo w  d i f f u s i v i t y  m a t e r i a l .  T h u s ,  i n  
sum m ary , i t  i s  p r o p o s e d  t h a t  i n i t i a l l y  d e s o r p t i o n  i s  c o n t r o l l e d  b y  
t h e  r a t e  o f  e v a p o r a t i o n  fro m  t h e  s u r f a c e  a n d  t h e  f l u x  o f  c a e s iu m  a to m s  
t o  t h e  s u r f a c e  fro m  t h e  h i g h  d i f f u s i v i t y  p a t h s .  R e l a t i v e l y  q u i c k l y ,  
t h e  d e s o i p t i o n  r a t e  b eco m es c o n t r o l l e d  b y  a l l  t h r e e  m e c h a n ism s : -  
e v a p o r a t i o n ,  d i f f u s i o n  fro m  t h e  h i g h  d i f f u s i v i t y  p a t h s  a n d  a l s o  fro m  
t h e  lo w  d i f f u s i v i t y  m a t e r i a l .  T he d e s o r p t i o n  r a t e  r e d u c e s  a s  t h e  
h i g h  d i f f u s i v i t y  p a t h s  becom e d e p l e t e d  a n d  e v e n t u a l l y  c o n t r o l  o f  
t h e  d e s o r p t i o n  r a t e  i s  d u e  t o  e v a p o r a t i o n  a n d  d i f f u s i o n  frcxn t h e  lo w  
d i f f u s i v i t y  m a t e r i a l .
I t  appears that th is  la t t e r  stage o f control i s  only achieved, 
in  the desorption experiments on g ilso n ite  graphite, a fte r  desorption  
has occurred for a long period o f time a t the h ighest temperature, 
i . e .  Runs 9 and 10. This i s  re flec ted  in the concentration p r o f ile  
o f  the specimen a fte r  desorption a t 1575 K (Run 9> figure IV .5) where
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the caesium concentration in the inner region i s  not detectable and 
the caesium in the outer portion i s  presumed to  be associated  with 
the low d if fu s iv ity  m aterial. The concentration p r o file  o f Run 10 
(figu re V .5) where desorption was carried out for  a much longer 
period of time shows evidence of m obility  of caesium within the low 
d it fu s iv ity  m aterial, causing the caesium concentration to  increase  
again in the inner region. Thus the d iffu sio n  c o e ffic ie n ts  
obtained at the lower desorption temperatures (Runs 5 to  8) r e f le c t  
mixed control of d iffu sio n . However, the -increase in  temperatura 
causes an approach to  s in g le  component control o f d iffu sio n  and hence 
the d iffu sion  co e ffic ie n ts  found at d ifferen t temperatures represent 
varying degrees of mixed control. This e f fe c t  i s  shown in figure
V.7 where the d iffu sion  c o e ff ic ie n t  at 1575 K (Run 9) i s  lower than 
the d iffu sion  c o e ff ic ie n t  a t I 27O K (Run 8, Table V.5) causing a 
’turn over' in the Arrhenius p lo t . The e f fe c t  is  a lso  shown in  
Run 1 (figu re 1X1,6) for repeated adsorption/desorption of caesium on 
g ilso n ite  graphite. Each successive cycle of desorptions at various 
temperatures gives r ise  to  lower d iffu sion  c o e ff ic ie n ts  due to  the 
progressive domination of the slower d iffu sio n  process.
The d iffu sion  c o e ffic ie n ts  for  Run 10 represent the slow 
d iffu sio n  from the low d if fu s iv ity  m aterial, since desorption was 
i n i t i a l l y  carried out a t 1575 K for  5 hours, by which time rate 
control had completely transferred to  the slow d iffu s ion/evaporation  
process. A lso, since the rate control is  by a s in g le  d iffu sion  
process, the complex mathematical description  of two phase d iffu sio n  
degenerates to  a single-phase description  and hence the use o f the 
various d iffu sion  equations in the previous chapters i s  J u stif ied .  
There is  s t i l l  the problem of deteimining the i n i t i a l  concentration.
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Cq, associated  with each phase. I t  can be shown that provided* 
there is  a reasonable d istr ib u tion  o f caesium between the two phases, 
i . e .  le s s  than 80^ is  associated  with the high d if fu s iv ity  paths, 
then the e f fe c t  upon the resu ltant value o f the d iffu sion  
c o e ff ic ie n t  is  sm all, i . e .  le s s  than a factor  o f 4. This i s  due in  
part to  the fa ct that the d iffu sion  co effic ien t, i s  in e f fe c t  
calcu lated  from the variation  of with time and i s  therefore not 
very sen sit iv e  to  the absolute value o f C .̂
I t  is  of in te r e st  to  note that the equivalent sphere method
used by Findlay and Laing (I 962) and others i s  based upon the
approximation of a high d if fu s iv ity  path surrounding each o f the
hypothetical spheres o f graphite. I f  Findlay and Laing's resu lt
fo r  caesium i s  subjected to  analysis using equation I I I . 2, the
—12 2 —1resu ltant d iffu sion  c o e ff ic ie n t  is  of the order of 10 m s ,  
which is  in good agreement with that observed in th is  work for the 
same temperature. I t  i s  a lso  worthy o f note that the evidence 
used by Iwamoto and Oishi (I 969) to  p ostu late three d ifferen t  
trapping s it e s  could a lso  be interpreted in  terms o f a three part 
d iffu sio n  model.
V I .5 The Multicomponent D iffusion Model; The Nature of the High 
and Low D iffu s iv ity  components
The terms ’high d if fu s iv ity '  path and 'low d iffu s iv ity *  m aterial 
have been used to  describe the two hypothetical phases o f the 
g ilso n ite  graphite. No d irect evidence was obtained in  th is  work 
on the nature o f the two phases. However, various minor 
observations, together with other reported work, allow a reasonable
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description  of the two phases to  be made. Bacon and Sprague 
( 1961) used caesium to  decorate grain boundaries, d isloca tion s and 
other sim ilar features in natural graphite. Electron micrographs 
show c lea r ly  the p referen tia l s it in g  of caesium in  the form of 
caesium hydroxide along such im perfections. They a lso  observed 
mr/ement o f ferr ic  chloride ’bubbles' along grain boundaries, due 
to  the lo c a lised  heating of the electron microscope beam. Since 
th e ir  technique o f experimentation allowed the caesium to  o x id ise , 
i t  is  reasonable to  conclude that unoxidised caesium would show 
sim ilar m obility  to  that of fe rr ic  ch loride. During electron  
probe m icroanalysis, fluorescence from the specimen was observed 
both on pore edges and a lso  on fea tu reless  areas o f the graphite. 
However, no related  response was found from X-ray em ission.
S im ilar observations have a lso  been recorded for barium on a EX 30 
graphite, Faircloth  e t  a l .  ( 1966) .  However, the spikes observed on 
the electron  probe m icroanalysis trace (figure IV .5) ind icate that 
segregation o f caesium must occur in microfeatures le s s  than 50 
in  s iz e .  The h i ^  d if fu s iv ity  paths are probably related  to  
d is lo c a tio n s , grain boundaries, pores and other disordered fea tu res. 
I t  i s  however p ossib le  to  discount micropores since the s iz e  o f the 
caesium atom (2,75 nm) is  much greater than the micropore s ize  range 
(up to  2 nm). I t  i s  probable that in  the macropores, surface 
d iffu sio n  is  the dominant transport mechanism which, in  turn, would 
account for a low activation  energy found for the d iffu sio n  
c o e f f ic ie n ts .
The activation  energy for d iffu sio n  (137 - 31 kj mol"^ for  
Run 10) compares very c lo se ly  with the heat o f reaction reported 
(135 kJ mol"^) by Salzano and Aronson (1965(a)) for the lower
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caesium graphite compounds. I t  is  a lso  in terestin g  to  note that  
the activation  enerf^y is  approximately one th ird  o f the f i r s t  
io n isa tio n  p oten tia l of caesium. I t  thus seems reasonable to  
id en tify  the low d if fu s iv ity  m aterial with micropores and other such 
features of sim ilar s iz e , where perhaps a sm all degree o f  
io n isa tio n  has occurred. Although X-ray an alysis did not show 
compound formation, i t  is  a lso  possib le, that some d iffu sio n  in to  
the more disordered of the lam ellar planes o f the graphite has 
occurred.
The d iffu sio n  c o e ffic ie n ts  found for  the fin e  grained graphite 
would seem to  confirm the postulated nature o f the d iffu sio n  paths. 
The fa c t that the d iffu sion  co e ffic ie n ts  are lower than fo r  g ilso n ite  
graphite correlates with the observed s l ig h t ly  higher den sity  and 
b e tte r  ordered lam ellar planes (Appendix l ) • Hence, the proportion 
o f micropores in  the fin e  grained graphite i s  higher than for the 
g ilso n ite  graphite, thus r e fle c tin g  a more rapid tra n sitio n  to  
desorption controlled  by d iffu sion  from the low d if fu s iv ity  m aterial, 
which i s  suggested by the more pronounced ’turn over’ in  the 
Arrhenius p lo t observed for the fin e  grain graphite (figu re V . 7 ) .
VI .6 A Summary of D iffusion  o f Caesium in  G ilson ite  and Fine Grain 
graphites
I t  has been proposed that desorption of caesium from nuclear  
graphites i s  controlled  by a two phase or m ulti phase d iffu sio n a l 
process with a surface evaporation b arrier. The slower d iffu sio n  
phase is  associated  with d iffu sion  th rou ^  micropores and lam ellar  
planes of low graphitic character. The fa s te r  d iffu sion  phase is
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associated  with grain boundaries, macro- and meso-pores and transport 
probably occurs by surface d iffu sion  along these featu res. I t  i s  
argued that the more graphitic nature o f the fin e  grain graphite 
gives r ise  to  lower d iffu sion  co e ffic ie n ts  for the slow caesium 
d iffu sio n  process then found for the g ilso n ite  graphite.
I t  has been shown that consisten t.desorption  data can be 
obtained, provided an in i t ia l  long desorption period is  carried out 
a t a high temperature, and that such desorption resu lts  can be 
analysed using equation V .7 *  Such an analysis showed that for  
g ilso n ite  graphite the slow d iffu sio n  o f caesium may be described by
lo g  (D sm"2) = . ( 5 . 1  t  0 . 3 )  -  (1 4 0  t  30) 10^ / 2.303  KT VI. 23
A sim ilar resu lt could not be obtained fo r  the fin e  grained graphite.
Evidence for  a surface condition implied by a value of L of  
approximately 10 was found, in agreement with Bromley e t  a l .  ( I 963) .  
The analysis for the surface condition is  subject to  an assumption 
o f Henry’s Law behaviour. In view o f the known Freundlich 
behaviour of caesium in graphite, M ilstead e t  a l .  ( I 966) and others, 
the use of th is  value o f L over a wide range of concentration i s  
open to  a considerable degree o f error. Furthermore, the 
desorption curves used were controlled  by mixed d iffu sio n  which 
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Fifflire VI.3 V aria tion  of ü’̂ S ’̂ w i th  Dt/a^ for
Equations V.7 and VI,U i l l u s t r a t i n g  
the e f fe c t  of unifonn and non- 
uniform concentration  p ro f i le s
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Figure VI.^ Linear v a r ia t io n  of /  Cq with Dt/a^
according to  Equation V I,8 i l l u s t r a t i n g  
the e f fe c t  of changing L ( numbers on 
curves) and the corresponding p lo t of 






Figure V I.6 V aria tion  of Normalised Near Surface Concentration 
w ith  Dt/a^ fo r  varying L (numbers on curves) 
according to  Equation V I .1^, together w ith  Observed 




Figure V I.7 Coordinate system fo r  d iffu s io n  
outside a s e m i- in f in i te  s lab  of 
high d i f fu s iv i ty  m ate r ia l  










Figure VI.8 Sketches of concentration p ro f i le s  in  
a two phase system a t  various times 
A a f t e r  adsorption
B a f t e r  adsorp tion  and heat treatment 
C a f t e r  i n i t i a l  period of desorption 
D a f t e r  a long period of desorption
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CHAPTER VII
A KlfUDSEN CELL TECHNIQUE FOR DETERMIHIHG EQUILIBRIUM
VAPOUR PRESSURES
This chapter i s  concerned, with the attempt to  use a Khudsen 
effu sion  c e l l  method to  measure equilibrium vapour pressures of  
caesium-nuclear graphite’s .  The chapter s ta rts  with a th eo retica l 
ou tlin e o f the concept of the effu sion  c e l l  and of the mass 
spectrometric technique for  measuring the effu sin g  f lu x . The 
concept of a double Khudsen c e l l  i s  a lso  described. A d eta iled  
discussion  o f the major source of error in  a Khudsen c e l l  mass 
spectrometry combination is  given, with reference to  the system 
o f in te r e s t .  The chapter concludes with a description  o f the work 
done in  proving the system.
V II .1 The Theory of the Khudsen c e l l  Mass Spectrometer System
The Khudsen effu sion  c e l l  method for measuring the vapour 
pressure o f a system r e lie s  upon the measurement of the rate of  
effu sion  of a vapour, through a small o r if ic e  from an enclosure 
containing the vapour a t i t s  saturation pressure. The mass flu x
F, passing a plane o f area E in one d irection  i s  given by
F = C E/4 V II.1
where f  is  the mass density  o f the vapour and 5" the mean v e lo c ity
o f the m olecules. The net flu x  passing through plane E is
F = E Ô- (f^  - f^ )/4  V II .2
where subscripts 1 and 2 refer to  the forward and reverse d irection  
resp ectiv e ly . Substituting for c and f  leads to
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F,̂  -  E - P2)(M/2nKT)^ V II .)
where P  ̂ and are the pressures on e ith er  side of the plane E, 
or, for the Knudsen c e l l ,  the pressures in sid e and outside the 
Khudsen c e l l  resp ective ly , M is  the molecular weight of the 
effu sin g  species and the other symbols have th e ir  usual s ig n ifica n ce . 
For an effu sion  c e l l  in  a high vacuum:
h  »  ^ 2
and thus equation V II .)  reduces to
i
F = PE(M/2TTRr)̂  V II. 4
Thus by measuring the effu sin g  flu x  i t  i s  p ossib le  to  obtain
the pressure within the c e l l .  Equation V II .4 i s  lim ited  however
by the assumption in  equation V II. 1 o f id ea l gas behaviour. The
condition of no gaseous c o llis io n s  occurring a t the o r if ic e  must
be obtained for equation V II.4 to  be v a lid , which in p ractice lim its
—2the upper range of measurement to  ca. 1 ) N m" • Another lim ita tio n  
o f equation V II .4 is  that the o r if ic e  i s  assumed to  be in f in it e ly  
th in . I f ,  however, the o r if ic e  has a f in i t e  w all th ickness, so 
that effu sion  occurs through a short pipe rather than a true o r if ic e ,  
i t  becomes necessary to  introduce Clausing's correction factor K ,̂ 
Clausing (1 9 )2 ) ,which allows for molecular b ack -reflection s by 
taking in to  account the resistance of the o r if ic e  to  molecular flow , 
and equation V II.4 i s  thus modified to
F = PK^E(M/27rRT)̂  V II. 5
A wide range of a n a ly tica l techniques has been used to  determine 
the rate of effusion  of species, from a Khudsen c e l l  and these have
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been reviewed by Nesmeyanov (1965) .  In the present work the choice 
o f a mass spectrometer was made, since i t  allows an instantaneous 
and high ly  sen s it iv e  measurement o f the beam flu x . I t  does however 
su ffer  from two sources of error, one of which w il l  be d iscussed in  
the follow ing sec tio n . The other is  due to  the use of non id ea l 
o r if ic e s ,  which leads' to  a focusing of the effu sin g  beam and, since  
the mass, spectrometer c o lle c ts  .only a small portion of th e  beam, the 
rela tion  of the portion co llec ted  to  the whole i s  complex. This 
w ill  be considered in d e ta il  further on in  the d iscussion  of the 
double c e l l .
The number o f atoms arriving a t the mass spectrometer per 
second F y  i s  given by
N c E K^/4 V II. 6
where N is  the number d ensity  of atoms within the c e l l  and is  a 
dimensionless constant determined by the geom etrical parameters o f  
the system and the focusing power o f the o r if ic e ;  the other 
constants taking th e ir  previously defined meanings. A part o f the 
flu x  F  ̂ passes through the ion isa tion  chamber o f the mass 
spectrcameter and is  capable of undergoing ion isa tion ; th is  is  
given by
F, = K, K., K„ N c 1 /4  V II.74 0 ) 4
where is  a constant dependent upon the geom etrical parameters 
of the mass spectrometer and the ch a ra cter istics  of c o ll is io n s  
between the effu sin g  species and the mass spectrometer surfaces.
Within the ion isa tion  chamber, the flu x  F̂  ̂ (atoms s ”  ̂ m" )̂ 
i s  p a r t ia lly  ion ised  by c o ll is io n  with a flu x  of electrons
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(e lectron s s “  ̂ m“^). Consider a volume b within which a l l  
io n isa tio n  occurs, then F^b/c atoms occupy the volume a t any 
p articu lar  time* These show a t o t a l  e f fe c t iv e  c o l l is io n  area 
to  the electron  beam of QFj^b/c where Q i s  the electron  
io n isa tio n  cross sec tio n a l area of the effu sin g  atoms* The 
number o f electrons undergoing ionls5oig c o l l is io n s ,  and hence the
huïabèr' o f àtbms being ionised  per second is  thus' given by
F = N . Q F, b /c  V II .85 e 4
i . e .  F = N' b K.  K K. Q N E/4 V II.9 
5 e 0 ) 4
The ion current I ,  indicated by the mass spectrometer i s  
rela ted  to  F  ̂ by
I r= l^b Q N E/4 V II .10
where i s  a constant dependent upon the analysing e ff ic ie n c y  and 
the am plification  o f the mass spectrometer. Whilst the la t te r  
term is  determined by the e lectron ics o f the mass spectrometer and 
i s  therefore constant, the analysing e f f ic ie n c y  depends upon the 
atomic mass to  ion charge ra tio , the m/e value, o f the ion ised  
sp e c ie s . The resu lt is  a broadening o f the mass peaks a t high m/e 
values and, where th is  occurs, peak areas instead o f peak heights  
should be used. Hence grouping a l l  the constants together and 
su b stitu tin g  for N leads to
P = IT/K^EQ V II. 11
where Kg i s  a conglomerate constant and E the area o f the o r i f ic e .
Thus the pressure depends d ir e c t ly  upon the ion current and 
by p rior ca lib ration  for Kg, the pressure w ithin the c e l l  can e a s ily
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be obtained. Equation V II.11 does break down a t pressures above
-2approximately 1) mTT m” due to  the number d ensity  of the ions 
causing a s ig n ifica n t space charge which pertuibs the e le c tr ic  
f ie ld  due to  the ion rep e ller , and hence reduces the number o f ions 
being ejected  in to  the analyser.
Normally ca libration  of the system i s  made by including withlj i 
the c e l l  a small quantity o f an element o f known pressure-temperature 
relationsh ip  and electron  ion isation  cro ss-sectio n a l area. However, 
in the present case, the use of another element within the same c e l l  
w ill  almost certa in ly  perturb the caesium-graphite system and thus 
the use of th is  technique is  inadvisable.
In order to  overcome the problem of in teraction  between sample 
and standard a double Knudsen c e l l  technique was developed for  th is  
work. The double c e l l  con sists of two separate Knudsen c e l ls  
fabricated from the same p iece of metal, and having near id en tica l 
o r if ic e s  in c lo se  proximity (figure V I I . l ) .  L etting the subscripts 
E and S refer  to  the sample and standard systems resp ective ly , then 
from equation V II.11 i t  is  evident that
P / p .  = % S  %  %  V I I . 12
^  ® I s  %8E ^E  ^E
Near id en tica l o r if ic e s  are achieved by using electron  micro­
scope apertures which are produced to  high to leran ces. Defining  
the target angle w  (figure V II .l)  Ruth and Hirth (1964) have shown 
that provided the d ifference in target angles of the two o r if ic e s  
o f the double c e l l  is  le s s  than 2 degrees, then the geometric 
d istr ib u tio n  constant of both o r ific e s  is  e f fe c t iv e ly  the same. 
Applying th is  condition to  the present work, i t  can be shown that
12U
e f fe c t iv e ly  id en tica l geometrical d istr ib u tion  constants are * 
obtained for the ra tio  o f the d istance between the two o r if ic e s  
to  the distance between o r if ic e  and target being le s s  than 0 . 0) .  
Under these conditions equation V II .12 reduces to
“ lE Qs /%8 *E V I I . l )
and provided the electron  ion isa tion  cross sectio n a l areas are known 
the pressure of the sample system i s  e a s ily  found. The v a lid ity  of 
equation V II.1) can e a s ily  be tested  and the double c e l l  calibrated  
by the use of two standard systems, thus obtaining the ra tio  of the 
constants of equation V II .12.
The constant K. may a lso  be evaluated by use of the Clausius 
o
Clapeyron equation
In (P) = - AH/RT V II .14
where AH is  the heat o f vaporisation and the pre-exponential 
constant.
Substitu ting fo r  P in  equation V II .11 gives
In (IT) = K. - In (Kq E/Q) - AH/RT V II.1)
9 o
and hence Kq may e a s ily  be found. Equation V II .1) a lso  o ffers the 
o
sim plest technique for  proving the Khudsen c e l l  mass spectrometer 
system by comparing the liter a tu re  value of the heat o f vaporisation  
of the effu sin g  species with that determined from the p lo t o f log(lT )  
against l /T .
12S
V II .2 Electron Ionisation  Cross Sections and the choice of 
a Standard
The major error in the Khudsen c e l l  mass spectrometer system 
i s  in  the lack o f and/or inaccurate knowledge of electron  
io n isa tio n  cross sec tio n s. Most measurements of electron  
io n isa tio n  cross section s have been confined to  gases and other 
elements whose vapour pressures at room temperatures are high enou^  
to  produce e a s ily  measured beam d e n s it ie s . I t  i s  th is  factor  alone 
which precludes the choice of molecular species as standard, since  
the knowledge o f electron  ion isa tion  cross s lions o f molecules is  
confined to  hydrogen and some other simple m olecules. Although the 
advent o f quantitative mass spectrometry has revealed major 
d e fic ie n c ie s  in  these measurements, surprisingly  l i t t l e  experimental 
work has been done to  improve and extend the knowledge o f electron  
io n isa tio n  cross sec tio n s , p articu lar ly  for elements o f low vapour 
pressure. Because o f the lack of such data, consideration has been 
given to  th eo retica l estim ates o f electron  io n isa tio n  cross sec tio n .
Semi-empirical relationsh ips have been proposed by Otvos and 
Stevenson (19)6) and Lampe, Franklin and F ield  (1957)* Both 
re la tio n s give resu lts  which are at variance with experimental data 
by a factor  o f up to  f iv e .  Stafford (1966) using a theory due to  
Gryzinski (1959, 1965) calculated  some 47 electron  ion isa tion  cross 
se c tio n s . Experimental and calcu lated  data were found to  be at 
variance by a factor o f up to  three, except fo r  the a lk a li  metal 
atoms where good agreement was found. This agreement i s  due to  the 
r e la t iv e ly  crude e lectron ic  sh e ll  hypothesis o f Gryzinski, which is  
sim ilar  in  concept to  the Bohr theory. Lotz (1968, 1969, 1970) 
proposed an em pirical formula for  the ca lcu la tion  o f electron
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io n isa tio n  cross section  of the elements for which he claimed an 
accuracy of b e tter  than to  - ) 0# .
Several attempts have been made to  ca lcu la te  electron  
ion isa tion  cross sections based upon quantum mechanical 
considerations, Althou^i the success of these ca lcu lation s has 
been encouraging, giving accurate values and a lso  reproducing the 
ir r eg u la r it ie s  a t the threshold region due to  auto io n isa tio n , the 
ca lcu lation s are extremely complex.
R elatively  few absolute determinations of electron ion isati'm  
cross section  have been made. Q uantitative mass spectronetry has 
been used to  obtain re la tiv e  measurements and thus absolute values 
can be found by use o f known standards. Such values are o f doubtful 
accuracy; in general, the accuracy o f electron ion isa tion  cross 
sections i s  up to  approximately t)0^ . However, i t  i s  not uncommon 
to  have disagreement between d ifferen t workers o f up to  t  200^.
In view of the complexity of the mechanism o f ion isa tion  by electron  
impact, i t  i s  probable that highly sen s it iv e  measurements are 
required in  order to  obtain r e lia b le  and con sisten t data.
The electron  ion isa tion  cross section  o f caesium has been 
in vestigated  by several workers but only Tate and Smith (19 )4 ), 
McFarland and Kimey (196)) and Nygaard (1968) have made measurements 
at the electron energies of in ter est to  th is  study, i . e .  around 70 eV, 
The agreement o f the three sets  of data is  good in view of the 
v ariety  o f techniques used.
The choice o f a standard system for comparison with the caesium 
graphite system is  complex. The major c r ite r ia  required o f a 
standard are a) that the pressure-temperature re la tion
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m u s t b e  a c c u r a t e l y  known a n d  s i m i l a r  t o  t h a t  o f  c a e s i u m - g r a p h i t e  
i n  t h e  t e m p e r a t u r e  ra n g e  o f  i n t e r e s t ;  b )  t h a t  t h e  i o n i s a t i o n  c r o s s  
s e c t i o n  m u s t b e  known o r  b e  c a p a b le  o f  c a l c u l a t i o n ;  a n d  c )  t h a t  
t h e  s t a n d a r d  a n d  c e l l  m a t e r i a l  m u s t b e  c h e m i c a l ly  c o m p a t i b l e .
Reference to  the vapour pressure o f the elements, Nesmeyanov 
( 1965) ,  shows that the elements copper, gold, beryllium , lanthanum, 
chromium, iron and palladium have su itab le  ranges of vapour 
pressures ( i . e .  below 1 . )  mN m“ )̂ in the temperature range of  
in te r e st  (up to  l4?0 K). However, the accuracy of these p ressu ie-  
temperature rela tion s varies considerably and i t  appears, Nesmeyanov 
( 1963) ,  that s u f f ic ie n t ly  accurate pressure-temperature data are 
availab le only for  chromium, copper, gold and iron.
E x p e r im e n ta l  m e a su re m e n ts  h a v e  b e e n  m ade on o n ly  t h r e e  o f  t h e  
f o u r  e le m e n ts  o f  i n t e r e s t ,  ch rom ium  b e i n g  t h e  e x c e p t i o n .  I r o n  h a s  
b e e n  t h e  s u b j e c t  o f  o n ly  on e  e x p e r im e n t  i n  w h ic h  C o o p e r ,  P r e s s l e y  
a n d  S t a f f o r d  (I 96)) fo u n d  t h e  r a t i o  o f  t h e  i o n i s a t i o n  c r o s s  s e c t i o n s  
o f  i r o n  a n d  s i l v e r  a t  a  s i n g l e  e l e c t r o n  e n e r g y .  T he i o n i s a t i o n  
c r o s s  s e c t i o n  o f  s i l v e r  h a s  b e e n  m e a s u re d  b y  P a v lo v ,  R a k h o v s k i i  a n d  
F e d o ro v a  (I967) a n d  C ra w fo rd  a n d  Wang (I 967) .  H ow ever t h e i r  r e s u l t s  
d i f f e r  b y  a  f a c t o r  o f  tw o . C o p p e r  h a s  b e e n  t h e  s u b j e c t  o f  
i n v e s t i g a t i o n  b y  P a v lo v ,  R ak h o v skii a n d  F e d o ro v a  (I967) a n d  a l s o  
C ra w fo rd  (I967) .  T h e i r  r e s u l t s  a l s o  d i f f e r  b y  a  f a c t o r  o f  u p  t o  tw o .  
T he i o n i s a t i o n  c r o s s  s e c t i o n  o f  g o ld  h a s  o n ly  b e e n  m e a s u re d  i n  t h e  
t h r e s h o l d  r e g io n  b y  B l a i s  a n d  Mann (1960) .
I t  may b e  c o n c lu d e d  fro m  t h e  l i m i t e d  e x p e r i m e n t a l  d a t a  a v a i l a b l e  
t h a t  e r r o r s  i n  t h e  i o n i s a t i o n  c r o s s  s e c t i o n s  a r e  l i a b l e  t o  r e a c h  a  
f a c t o r  o f  tw o . I t  i s  t h i s  u n f o r t u n a t e  l a c k  o f  a c c u r a c y  w h ic h  i s  t h e
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greatest source o f error in quantitative work- with mass spectro­
m eters, However, in  view of the complete lack o f experimental 
values of ion isa tion  cross sections for chromium, i t  would seem 
inadvisable to  consider th is  element as a standard.
The chemical r e a c tiv ity  o f the standard towards the c e l l  
m aterial (molybdenum) is  of obvious importance. The use o f  
molybdenum c e l ls  in the determination of the vapour pressure o f  
copper and gold provided no evidence, Nesmeyanov (1963) ,  of 
r ea c tiv ity  between the sample and the c e l l .  The chemical in te r ­
action o f iron and molybdenum has been the subject o f considerable 
work for obvious reasons. Although the d iffu sio n  of molybdenum 
in  gamma iron has been evaluated, Fridberg e t  a l ,  (1969) , as 
10 m̂  s"^ at 1)73 K, the adsorption o f iron vapour by molybdenum 
i s  unknown and thus the use of iron as a standard seems inadvisab le.
I t  may be concluded that no one element is  c le a r ly  acceptable 
as a standard. The f in a l choice must be l e f t  to  experimental 
experience with the three elements copper, gold and iron ,
V II .)  The development of the Double Knudsen c e l l  Mass Spectrometer 
apparatus
The Khudsen c e l l  experiments were carried out in  a s ta in le ss  
s te e l  high vacuum chamber, f i t t e d  with s ix  ra d ia lly  disposed ports 
(figu re V II.2) .  Ion pumps were attached to  two o f these p orts, 
and a two inch d iffu sion  pump, backed by a rotary pump was connected 
to  a th ird  port v ia  liq u id  nitrogen traps and iso la t in g  v a lv es . The 
mass spectrometer, a I 80® magnetic d eflec tio n  type (V.G. Micromass l )  
was attached to  a fourth port and the two other ports were f it t e d  
with o p tica l viewing p orts. The l id  to  the chamber had three power
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lead -th rou ^ s placed symmetrically in i t ,  together with a port at  
the centre, through which the shutter operated and the thermocouple 
passed, v ia  g lass metal s e a ls .  The l id  was sealed to  the chamber 
by compression of a copper gasket between two knife edges.
A furnace was constructed from molybdenum wire (47) diameter,
(18 thou)) stra igh t wound on a Purox former (100 mm long by 1) mm
diameter) which had grooves cut in to  i t  in order to  locate  the
windings. The furnace was supported from the three power lead -
throughs using s ta in le ss  s te e l  bar and rod so that the furnace*s
cy lin d r ica l axis could be adjusted in both the v e r t ic a l  and
horizontal p lanes. Power was provided by a 4.2 KVA Variac
transformer. A preliminary experiment showed that a temperature o f
a t le a s t  1)70 K could be achieved with a background pressure o f le s s  
-2than 1) )  jxN m” , without the requirement o f radiation sh ie ld s .
A Double c e l l  was constructed from molybdenum with approximate 
o r if ic e  dimensions o f 0 . )  ram diameter by 0 . )  ram length a t a d istance
o f 6 mm apart. A sample of caesium-graphite at an unknown
concentration was prepared by prior heating o f caesium n itr a te  and 
graphite in an evacuated container and was loaded in to  one of the 
c e l l s ,  the other c e l l  being loaded with copper. Copper was chosen 
for  the i n i t i a l  experiments since i t  had a r e la t iv e ly  high vapour 
pressure at temperatures of in te r e s t . The i n i t i a l  experiments 
used a d ifferen t arrangement o f collim ator and shutter and did not 
have the f a c i l i t y  o f earthing the Double c e l l .  The resu lts  
obtained showed that w h ilst the mass spectrometer resolved the beam 
components of copper and caesium (figu re V II .))  the beam a lso  caused 
a s h if t  in  the base l in e  which almost ob literated  the peak due to
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caesium (figure V II• )  )• No relationsh ip  with temperature was 
found for e ith er  peak, but the base lin e  s h if t  was observed to  
increase with temperature, and was thus thought to  be due to  
thermionic emission and/or thermal radiation e f fe c ts  fr m  the c e l l .
An experiment was carried out to  in v estig a te  th is  phenomenon, 
ill which the Double c e l l  was replaced by a p iece of molybdenum 
which was connected to  an e le c tr ic a l  feed-through, so that  
e le c tr ic a l  measurements could be made under operating cond itions. 
Measurement o f the p o ten tia l o f the p iece o f molybdenum with res pect 
to  earth using a d ig ita l  voltm eter and o sc illo scop e showed a varying
A.C. vo ltage , biased at a negative p o ten tia l, n eith er o f which was 
related  to  the voltage across the furnace windings. The A.C. 
component was observed to  o s c il la te  at )0 Hz ind icating  a coupling 
between the p iece of molybdenum and the furnace windings. The D.C. 
current between the p iece of molybdenum and earth, measured by an 
Avometer, increased non-linearly  with furnace voltage (figu re VII. 4) 
in  a manner ch aracteristic  of thermionic em ission. Calculations 
based upon the Richardson Dushman equation, Pirani and Yarwood (196)), 
gave current values in  the order of nanoamps. I t  was a lso  
observed that the current between the shutter and earth increased  
when the shutter was moved in to  the open p o sitio n , i . e .  a larger  
surface area o f shutter exposed to  the furnace windings, thus 
in d icatin g  a p ossib le  added contribution to  the base l in e  s h if t  of 
the mass spectrometer. However, th is  problem was solved by earthing  
the c e l l  which reduced the base l in e  s h if t  to  a n eg lig ib le  le v e l .
In a further experiment using a Double c e l l  loaded with copper 
and iron , the presence of ions within the e ffu sin g  beam from the
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earthed Double c e l l  was checked by modifying the mass spectrometer 
to  operate without the ion isa tion  source; however no sign al was 
d etected . I t  was observed that the s ign a l due to  iron and copper 
was time dependent (figu re V II .))  and increased even before opening 
the shutter. A 3.ong decay of the sign a l was a lso  observed a fte r  
the shutter was c losed . I t  was a lso  noted that the background 
pressure rose during these measurements. I t  was therefore  
concluded that these e f fe c ts  were due to  re-evaporation o f copper 
and iron from surfaces by radiation from both the furnace and the 
filam ent o f the mass spectrometer.
M odifications were made to  the collim ator design to  overcome 
the re-evaporation problem due to  radiation from the furnace windings 
An oven was a lso  constructed to  allow the mass spectrometer to  run 
at elevated temperatures (approximately 420 K) to  reduce re­
evaporation and outgassing e f fe c ts  due to  the filam ent. A design  
m odification was a lso  made to  the mass spectrometer ion rep eller  
p la te , since i t  e f fe c t iv e ly  shielded the ion isa tion  chamber from the 
effu sin g  beam, by replacing i t  with a fin e  mesh. The new ion 
rep e ller  was constructed from s ta in le ss  s t e e l  mesh (mesh n o .120,
B .S. 4lO (1962)) which had a ))^  voidage. A s im p lified  treatment 
o f the e le c tr o s ta t ic  problem indicated that no s ig n if ic a n t perturb­
ation  to  the e le c tr o s ta t ic  f ie ld  would be caused by the use o f mesh 
in  place of the orig in a l p la te . Although no icmic species in  the 
effu sin g  beam had been observed, an earthed fin e  grid was a lso  
placed in  the effu sin g  beam path in  order to  f i l t e r  out any ion ic  
species which might be present.
A further experiment using the Double c e l l  was carried out with  
one c e l l  loaded with magnesium. Magnesium was se lected  because i t s
232
»
vapour pressure temperature relationsh ip  enabled the apparatus to  
be tested  at a lower temperature range ()00 to  800 K) than would 
be p ossib le  with copper or iron, thus reducing problems of 
re-evaporation and outgassing. The three isotope peaks o f
magnesium were observed to  show time-independent shutter e f fe c t s ,  
and thus a ser ie s  of ion current values for  the peak m/e value 24 
against temperature was obtained. The resu lts  of the experiment 
(figu re V II .6) show that a lin ea r  rela tion  between lo g  (IT) and l/T  
was obtained. The experimental heat of vaporisation calculated  
from the slope by the method of le a s t  mean squares i s  l 4 ) . l  kJ mol"^ 
compared with a lite r a tu r e  value, Nesmeyanov (1 9 6 )) ,of l4 ) .7  kJ mol”  ̂
with a standard deviation from the le a s t  mean square lin e  o f 1 .7  and 
0 .4  resp ectiv e ly .
In the l ig h t  o f the encouraging resu lt obtained with magnesium, 
a new Double c e l l  was constructed with electron  microscope aperture 
o r if ic e s  o f 200 ^m diameter by )0^m long at a d istance o f 7 apart 
and loaded with copper and s i lv e r .  Ion current sign als from both 
copper and s i lv e r  were found to  be barely d etectab le , even a t high 
temperatures, and were a lso  found to  be time dependent. No rela tion  
between ion current and temperature was found for  e ith er  copper or 
s i lv e r .  I t  was concluded that the beam flu x  received by the mass 
spectrometer was reduced to  barely detectab le le v e ls  e ith er  by 
reduction o f the effu sin g  flux  due to  the small o r if ic e  area or 
misalignment o f the c e l l  mass epectrometer system. The time 
dependent increase in  ion current observed was probably due to  
re-evaporation o f copper and s i lv e r .
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V II.4 Summary ^
The Khudsen c e l l  apparatus was shown to  work su ccessfu lly  at 
temperatures up to  720 K using magnesium as a ca lib ratin g  system, 
the minimum detectable pressure using a 0 . )  mm diameter o r if ic e  
was 26 jx'N m" .̂ Severe d i f f ic u lt ie s  were encountered in developing 
the equipment to  operate a t temperatures o f in ter e st  in th is  project  
(900 to  l400 K); in p articu lar problems o f re -evaporation of  
effused  sp ecies, theim ionic em ission, and alignment of c e l l  and 
mass spectrometer were encountered. Added to  these problems was 
the lim ited  s e n s it iv ity  o f the mass spectrometer employed in th is  
work. In view of these d if f ic u lt ie s  and the lim ited  time a v a ila b le , 
work on the Khudsen c e l l  experiments was terminated in  favour o f the 
m icrogravimetric- electron  probe m icroanalysis work described in  
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Figure V II.3 Hass Spectra of Copper and Caesium 
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Figure V II .6 An Arrhenius p lot according to  Equation




A SUMMARY AND SUGGESTIONS FOR FURTHER WORK
In th is  chapter a synopsis of the work described in th is  th esis  
together with the main conclusions are given. The chapter 
concludes with some suggestions for further work.
V III .1 Microgravimetric Studies
A microgravimetric apparatus was constructed to  study sorption  
o f caesium on graphites. I n i t ia l  experiments revealed serious 
p ra ctica l problems associated  with the r e a c t iv ity  and transport of 
caesium. Extensive m odifications to  the apparatus were made which 
enabled sorption measurements to  be carried out in the range 500 to  
1570 K. A considerable amount of evidence was accumulated which 
showed that in  the temperature range 970 to  1570 K desorption of 
caesium from graphite occurred under conditions o f Langmuir free  
evaporation and thus enabled desorption rates to  be analysed to  
y ie ld  d iffu sio n  c o e ff ic ie n ts .
Desorption curves obtained from a cy lin d r ica l specimen of  
caesium -gilson ite graphite at concentration le v e ls  between 1 and 
9 mg g ”̂  (Run 1) showed an i n i t i a l  fa s t  desorption rate (figure  
I I I . 4) which decreased r e la t iv e ly  rapidly to  a slower rate, in  
agreement with other workers, c f .  Doyle (1955)* An analysis on 
the la t te r  part of the desorption curves, assuming th at d iffu sion  
o f caesium in graphite was rate con tro llin g  (equation I I I . 2 ), gave 
d iffu sio n  c o e ffic ie n ts  (Table I I I . l )  which were in  moderate
li;2
agreement with other workers (figure I I I . 6) .  However, the * 
variation  of d iffu sion  c o e ffic ie n ts  frcxn run to  run indicated a 
more complex rate con tro llin g  process than had been assumed.
Electron probe microanalysis on a caesium -gilson ite graphite 
cy lin d r ica l specimen (Run 2) showed complete penetration of the 
caesium (figure I I I .? )  a t the heat treatment temperature (570 K) 
contrary to  that expected from extrapolation o f the Arrhenius p lo t  
fo r  d iffu sion  c o e ffic ie n ts  in  the range 970 to  1370 K.
As a consequence, a ser ies  of experiments were perfoimed to  
obtain caesium concentration p r o file s  by electron  probe micro­
a n a ly sis , a t various stages in an adsorption, heat treatment and 
desorption programme on spherical specimens o f g ilso n ite  graphite 
at concentration le v e ls  of between 4$ and l 6 mg g ”  ̂ (Runs 3 to  9, 
figure IV .5, Table I V .l) .  D iffusion  c o e ff ic ie n ts  were calcu lated  
from the la t te r  part o f desorption curves by a s im ilar  technique to  
that used on the cy lin d r ica l specimens (equation IV .1, Table I V .l) .  
The resu lts  obtained were in poor agreement with other workers 
(figu re IV .2) and the Arrhenius p lo ts  for the d iffu sio n  c o e ffic ien ts  
exhib ited  a curious ’turn over’, in d ica tive  o f a change in the rate 
con tro llin g  mechanism. The concentration p r o file s  obtained by 
electron  probe microanalysis showed an apparent v io la tio n  o f P ick ’s 
laws of d iffu sio n , since desorption o f caesium from the graphite 
appeared to  occur against a r is in g  caesium concentration p r o file  in  
some cases. These resu lts  suggested that a two part d iffu sion  
mechanism occurred, being composed of a fa s t  d iffu sio n  mechanism 
which predominates a t low temperatures and a slow d iffu sio n  
mechanism which predominates at long times and high temperatures.
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Evidence for  the formation o f caesium-graphite in terca la tion  
compounds was sought by X-ray a n a ly sis . A decrease in  peak 
in te n s it ie s  (figure IV .6) was shown to  be due to  X-ray adsorption 
by caesium, and i t  was concluded that no compound formation occurred.
An experiment (Run 10) was carried out to  obtain desorption  
rates at various temperatures under conditions in which the slow 
d iffu sio n  mechanism controlled  the desorption rate (Table V . l ) .
Two sim ilar experiments were carried out on a fin e  grain 
graphite (Runs 11 and 12) and the resu lts  showed moderately 
d ifferen t ch aracter istics  to  the g ilso n ite  graphite. The in i t i a l  
fa s t  desorption stage evolved more caesium than had been observed in  
experiments on the g ilso n ite  graphite (figu re V.4 and l )  but the 
d iffu sio n  c o e ffic ie n ts  obtained from the subsequent slow desorption  
were of sim ilar magnitude (figure V .7, Table V .5 ). The *turn 
over' in the Arrhenius p lo t of the d iffu sion  c o e ff ic ie n ts  (figu re  
V.7) was a lso  apparent for the f in e  grain graphite.
The methods of analysis of the desorption data were c r i t ic a l ly  
analysed and the use of equations I I I . 2 and IV .1 was shown to  be in  
error. An a ltern ative  (quadratic equation) method fo r  an alysis was 
presented (Chapter V.3) and shown to  be reasonably accurate. A 
th ird  numerical method which was more p rec ise , although more 
laborious than the quadratic equation method, was a lso  used to  
ca lcu la te  the d iffu sion  c o e ffic ie n ts  (Table V .3 ). Comparison of 
the resu lts  from a l l  three methods o f an alysis showed that the 
r e la t iv e ly  simple quadratic equation method was s u f f ic ie n t ly  
accurate.
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The e f fe c t  o f non-uniform concentration p r o file s  on the 
desorption rate was in vestigated , (Chapter V I .l)  and i t  was shown 
that d iffu sio n  co e ffic ie n ts  calculated assuming a non-uniform 
concentration p r o f ile  (figure V I .l)  d iffered  l i t t l e  from d iffu sion  
c o e ff ic ie n ts  calculated assuming a uniform concentration p r o file  
(figu re V I.3) .  As further evidence for  a two-part d iffu sion  
process i t  was shown that a s in g le  d iffu sio n  mechanism could not 
account for  the concentration p ro file s  observed during desorption  
(figu re V I.2) .
The effc- % of an evaporation step  on the desorption rate was 
a lso  investigated  (Chapter V I.2, figure V I.4 ) . A th eo re tica lly  
derived relationsh ip  based upon adsorption obeying Henry’s Law, 
showed that the surface concentrations observed by electron  probe 
m icroanalysis could be accounted for , by mixed evaporation 
/d if fu s io n  control, and that such a system was in  reasonable 
agreement with previously reported work,
A q u a lita tive  analysis o f two phase d iffu sio n  was presented 
which offered an explanation for apparent ’non-Fickian’ d iffu sio n . 
The desorption curves and concentration p r o file s  for caesium were 
explained in terms of a graphite structure comprising a low 
d if fu s iv ity  m aterial permeated by high d if fu s iv ity  paths. I t  was 
suggested that the high d if fu s iv ity  mechanism was associated  with 
surface d iffu sion  along voids and macro- and meso-pores. The low 
d if fu s iv ity  mechanism was considered to  be d iffu sio n  along micro­
pores, disordered caitons and poorly orientated lam ellae.
I t  was concluded that the d iffu sion  o f caesium in nuclear
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graphites i s  e s se n t ia lly  a two phase process leading to  mixed 
control o f desorption. The general lack o f agreement o f the 
d iffu sio n  co e ffic ie n ts  obtained in  successive experiments and 
between various workers most probably r e f le c ts  varying contribut­
ions to  d iffu sion  by fa s t  and slow transport mechanisms. The 
degree o f mixed control appears to  depend upon the thermal h isto ry  
o f the specimen and the structure o f the graphite. A lso, as can 
be seen from figure V .?, the perturbation o f the d iffu sion  
c o e ff ic ie n ts  due to  these factors i s  r e la t iv e ly  small since a l l  the 
data for  both g ilso n ite  and fin e  grain graphites can be encompassed 
with a bond which does not exceed an order o f magnitude a t any 
given te  \erature.
V III .2 Khudsen c e l l  Studies
A Khudsen cell-m ass spectrometer apparatus was developed to  
attempt to  measure equilibrium vapour pressures on caesium-graphite 
systems. The apparatus included a shutter and collim ator to  reduce 
the contamination of the mass spectrometer, and a double Knudsen 
c e l l ,  in order to  avoid contamination o f the caesium-graphite 
system by the standard m aterial and to  reduce realignment errors.
An experiment using copper and iron to  t e s t  the double c e l l  showed 
that re-evaporation of these metals occured during measurements 
causing serious errors.
A major redesign was carried out improving the suspension 
system for the furnace and Khudsen c e l l ,  collim ator and shutter, 
and included the provision o f a thermocouple to  measure the 
temperature o f the front face o f the c e l l .  The mass spectrometer
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was a lso  modified to  improve the ion isa tion  e f f ic ie n c y . Another 
experiment using magnesium in the temperature range 500 to  800 K 
gave a value for the heat of vaporisation in  good agreement with 
published work. Further problems due to  re-evaporation were 
encountered when attempting to  extend measurements to  the 
ter.perature range o f in terest (up to  1570 K) and no further work 
was done on the apparatus due to  lack o f tim e.
V III .5 Suggestions for further work
The microgravimetric technique developed in th is  work to  scudy 
rates o f desorption fran a system, combined with a method for  
determining d iffusant concentration p r o f ile s ,  such as electron  
probe m icroanalysis, provides a simple technique for studying mixed 
m ulti component d iffu sion  and evaporation systems. Two areas fo r  
further work using the apparatus can be read ily  id e n tif ie d , being 
the extension o f work on the caesium-graphite system and the study 
of other evaporation/diffusion systems. One major advantage o f  
the microgravimetric technique i s  that the preparation of and 
desorption from the system i s  carried out under a vacuum and hence, 
problems o f r e a c t iv ity  of the system are avoided. Work on the 
caesium-graphite system may be extended in. severa l d irec tio n s . The 
s e n s it iv ity  of the microgravimetric apparatus could be s ig n if ic a n tly  
increased by using a microbalance with a larger capacity. 
Commercially availab le microbalances would give up to  a f i f t y  fo ld  
increase in s e n s it iv ity ,  thus allowing a reduction in  concentration  
le v e ls  to  sub milligram per gram or, in  d iffu sio n  c o e ff ic ie n ts  to
n c 2
approximately 10”  ̂ m s" . Higher specimen temperatures could 
a lso  be achieved, up to  at le a s t  l8CX) K using platinum wire wound
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furnaces and ’purox' furnace tubes. However, the use o f induction  
heating is  not p ossib le  with most commercial microbalances due to  
in terference by the electromagnetic f ie ld .  The use o f la ser s  or 
arc image furnaces to  achieve temperatures in excess o f I 8OO K i s  
worthy o f in v estig a tio n . An extension o f the method o f an alysis  
to  include a two phase d iffu sio n  model'with surface evaporation to  
predict both desorption curves and concentration p r o f ile s  would 
achieve an accurate description  of the d iffu sin g  system. However, 
such an analysis would require the postu lation  o f a b asic  model and 
extensive computation. Having such f a c i l i t i e s  and the resources to  
carry out an in vestiga tion  over a wide range o f graphites, the 
relationsh ip  of structure and d iffu sio n  mechanisms may be elucidated . 
The extension o f the microgravimetric technique to  lower temperatures, 
w h ilst requiring carefu l assessment of the condition o f Langmuir 
free  evaporation, w il l  give further information on the fa s t  
d iffu sio n  mechanism.
The use o f the microgravimetric apparatus with systems other 
than caesium-graphite i s  v ir tu a lly  unlim ited. The advantages of 
the apparatus in  dealing with reactive systems, coupled with a 
v a r ie ty  o f methods o f analysis of desorption data, allow  a rapid 
assessment o f the rate con tro llin g  mechanism o f e ith er  evaporation, 
d iffu sio n  or mixed control. The preparation o f samples need not 
however be confined to  w ith in  the apparatus. For 
in stan ce, the s ilver-grap h ite  system, being another f is s io n  product 
o f current in te r e s t , Nabielek et a l .  (1975), would be b est prepared 
ex tern a lly , although i t  i s  eminently su itab le  for study in  the 
microgravimetric apparatus.
The lûiudsen c e l l  method is  one of the most su ita b le  techniques
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fo r  studying caesium-graphite eq u ilib r ia  and has p o te n t ia l it ie s  
in  exploring the behaviour o f h ighly d ilu te  caesium-graphites 
under conditions where the mass lo ss  by effu sion  s ig n if ic a n tly  
reduces the residual concentration. Such a study may throw some 
l ig h t  on the adsorption/desorption phenomenon and upon d iffu sion  
o f caesium in graphite. I t  is  however considered th at further  
work on the present design o f the Khudsen cell-m ass spectrometer 
system for work on caesium-graphites in the temperature range 
970 to  1570 K is  inadvisable. This i s  due to  the problems o f  
re-evaporation and the lim ited s e n s it iv ity  of the spectrom eter.
I f  the mass spectrometer technique were to  be retained as the an a ly t­
ic a l  method, then b e tter  resu lts  may be obtained using a su itab le  
quadrupole mass spectrometer; such spectrometers have become 
read ily  availab le since the inception o f th is  work. However, i f  
the Khudsen c e l l  method i s  to  be used for  further work, an 
a ltern a tiv e  a n a ly tica l technique should be considered due to  the 
inherent lim ita tion s imposed on mass spectrometry by an inadequate 
knowledge of electron  ion isa tion  cross section s (Chapter V II .2 ) .
A s ig n if ica n t increase in  s e n s it iv ity  over the mass spectrometric 
technique can be achieved using a radioactive tra cer /ta rg et  
condensation method, Nesmeyanov (1963)*
In conclusion, although the work reported in  th is  th es is  is  of 
technolog ica l or ig in , a number of problems of an academic nature 
have been id en tified  in  the course of the work. In particu lar, 
the complex nature of d iffu sio n  of caesium in  graphite has been 
c lea r ly  revealed . I t  is  certa in  that there are many so lid  s ta te  
d iffu sio n  systems which exh ib it sim ilar  properties and therefore  
there is  a need for a general an alysis of multicomponent d iffu s io n .
1U9
A sta r t  has been made on such an analysis in th is  th es is  but 
a great deal more work needs to  be done before a ccxnplete 
understanding is  achieved.
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APPENDIX I  
THE CHARACTER OF THE GRA FUITES
The two graphites used in th is  study exh ib it contrasting  
properties which ar ise  from th eir  d ifferen t o r ig in s . The g ilso n ite  
graphite is  based upon the naturally occurring g ilso n ite  carbon 
p a rtic le s  which are made up of sph erica lly  orientated graphitic  
c r y s ta l l i t e s .  The fin e  grain graphite, however, is  manufactured 
from crushed petroleum coke. Both forms of graphite have been 
subjected to  a bonding process using p itch  and carbonisation and 
further pitch  impregnation, graph itisation  and p u rifica tio n .
The petroleum graphitic coke is  crushed to  produce p artic les  
of the order of 40 ^m s iz e ,  which are then subjected to  a resin  
bonding process and carbonisation at approximately I 9OO K to  
produce the fin e  grain graphite. The crushing/bonding process i s  
necessary in the manufacture of the fu e l tubes of the Dragon reactor, 
which are produced by resin  bonding a mixture of fu e l microspheres 
and petroleum coke p a r tic le s , followed by carbonisation. Hence the 
purity of the fin e  grain graphite is  le s s  than that of the g ilso n ite  
graphite with respect to  hydrogen and oxygen, because of the 
differen ce in  f in a l  heat treatment temperatures. Spectrographic 
an alysis of the g ilso n ite  graphite reveals a to ta l  impurity le v e l  
of 33 p.p.m. of which s il ic o n  is  the most abundant at 2$ p.p.m ., 
a sim ilar impurity le v e l for the fin e  grain graphite i s  expected, 
although i t  has not been measured. The hydrogen oxygen impurity 
le v e l i s  reflected  in  the more extreme pre heat treatment required 
for the f in e  grain graphite in order to  achieve s ta b i l i ty  w ithin
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the microgravimetric apparatus.
The microfeatures of the two graphites r e f le c t  th e ir  d ifferen t  
origins^ the fin e  grain graphite exh ib its a smaller grain s iz e  
than the g ilso n ite  graphite (figure A , l ) ,  The spherical nature 
of the g ilso n ite  p a rtic le s  is  re flec ted  in the circu lar nature of 
the massive pores v is ib le  in the polished specimen. The high 
m agnification scanning electron  micrographs of the fractured  
surfaces reveal the dramatic d ifferences in  the g r is t  employed in  
the two graphites, that of the f in e  grain graphite being composed 
of f la t  layers w h ilst  that of the g ilso n ite  graphite is  comparatively 
m assive. The scanning electron  micrographs of the polished
specimens reveal d ifferences in pore structure, the g ilso n ite
graphite containing r e la t iv e ly  large pores, or more correctly  v o id s,
which are not found in the fin e  grain graphite. A d ifferen ce in
porosity i s  a lso  revealed by the measured d en sitie s  of the two 
graphites (Table A . l ) .  The closed porosity of g ilso n ite  graphite 
i s  approximately twice that of the f in e  grain graphite, w h ilst the 
open porosity of the g ilso n ite  graphite i s  only h a lf that of the fin e  
grain graphite. Thus one may conclude that the pore s iz e  of the 
g ilso n ite  graphite is  large compared to the f in e  grain graphite, but 
the surface pores in the fin e  grain graphite penetrate further in to  
the specimen.
X-ray analysis of the two graphites gives apparent in ter layer  
distances of 341.1 pm and 335*8 pm for the g ilso n ite  and f in e  grain  
graphites resp ectiv e ly . Using Bacon’s (1951) rela tion sh ip  between 
apparent in terlayer distance and the degree of disorder, the 
proportion of disoriented layers in  g ilso n ite  and fin e  grain  
graphites i s  0,8 and 0.17 resp ectiv e ly , that i s ,  the f in e  grain
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graphite is  better ordered. This i s  a lso  suggested by the high 
m agnification scanning electron  micrograph of the fracture surface 
of the f in e  grain graphite.
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Table A.l





Bulk Density (mg ram 1,76 t  0,02 1.51 t  O .p l
Apparent Solid  Density  
(mg mm"̂ )
2,05 t  0 .02 2.09 t  0 .01
Apparent Open Porosity(^ 13,4  t  0 .5 27.7 t  0 .5
Closed Porosity*(^) 9 .1  t  0 ,5 5 .4  t  0 ,5
Determined using methanol as the immersion f lu id  
* Using true d ensity  value 2,265 mg mm”^
• 161
Polished  







G ilso n ite
X 51
Fractured Surface  
O ilso n ite
X 5100
Fractured Surface  
Fine Grain
X 47
Fractured Surface  
Fine Grain 
X 4700
Figure A ,I  M icrosurface Features o f Polished and Fractured
Surfaces o f G ilso n ite  and Fine Grain Graphites 
by Scanning E lectron  Microscopy
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APPENDIX I I  »
THE EFFECT OF SPECULAR AND DIFFUSE REFLECTION UPON DESORPTION RATES
A p erfect sphere representing the graphite sample, centred on 
the cy lin d r ica l axis of a cylinder which represents the fused 
s i l i c a  walls o f the furnace tube (figu re A II( i))  i s  assumed for  
th is  treatment. I t  i s  further assumed that the temperature and 
hence the w all ch aracter istics  of the furnace tube are uniform over 
the length of in te r e s t , y The e f fe c t  of gas phase c o llis io n s  
i s  neglected ( c f .  Chapter I I I . 3) as i s  the e f fe c t  o f d iffu se ly  
re flec ted  atoms which undergo two or more w all c o llis io n s  before 
returning to  the sphere. Specularly reflected  atoms which c o llid e  
with the sphere can only have undergone one w all c o l l is io n .
I .  D iffuse R eflection
A flux  F atoms s~^ of even hemispherical d istr ib u tion  is  
assumed to  be emitted from an elemental area dS^ associated  with 
a point D on the surface of the sphere (figu re A II ( i)) . The 
fraction  of F leaving point D and passing through the elemental 
area dSg associated  with point C on the surface of the cylinder  
i s  therefore
F dSp
A I I . l
2 n [DCj 2
However
[b e]2 = [oc]2 + [od]2  _ 2 ^ ] [0 D ]  cos 9 A I I . 2
Thus the to ta l  fraction  o f flux  that passes through dS  ̂ from
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the arc |bADEJ is  
/
2FdS /  ^ ____________________   A I I . 5
0 2tt| x2 + - 2r(x^ + y^)^ cos 6}
where
cos 0 = r/(x^  + y^)^ A I I . 4
Let the in tegra l A I I . 3 be denoted by 2FdS2f(6). Hence the 
t o ta l  fraction  o f flu x  emitted from the sphere which passes through
dSg is
7T(f(e)) FdSg A I I . 5
I f  the flu x  that passes through dSg is  d if fu se ly  re flected  at  
point C, the fraction  which reco llid es  with the sphere i s  given by
2 n (l - cos (BC0))/2 A I I . 6
where
cos (BCO) = |(x^ + y^ - r^)/(x^ + y^)}  ̂ A I I . 7
i . e .  the so lid  angle prescribed by the angle BCE., Thus the fraction
o f flu x  desorbing from the sphere, d if fu se ly  re f le c tin g  a t C and 
reco llid in g  with the sphere is
/ l  -{(x2  + - r^)/(x^ + y^)}^nF (f(e))^ dSg A I I . 8
and hence the to ta l fraction  of flu x  which returns to  the sphere is  
2nxy'
^  /  ( i  + y^)}^»vF(f(e))^dS2 A I I . 9
W F  - 0
i . e .  the surface in teg ra l over a cylinder o f length 2y" and radius x.
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S in c e
dSg t= 27TXdy A 11.10
t h e  te r m  A I I . 9  t r a n s f o r m s  t o
.y '
Ü X  y  ( l  - { ( x f  + yZ -  r Z ) / ( x 2  + y ^ ) } ^ j ( f ( 0 ) ) 2  d y  A 1 1 ,1 1
T he i n t e g r a l  f ( 0 )  i s  s o l u b l e ,  b u t  t h e  r e s u l t a n t  i n t e g r a l  
A 1 1 .1 1  i s  n o t .  H o w ev er, u s i n g  S im p s o n ’ s i n t e g r a t i o n  fo r m u la  
w i t h  a  v a l u e  o f  y 'o f  19 0  mm a n d  i n c r e a s i n g  y  i n  1 mm s t e p s ,  t h e  
i n t e g r a l  was co m p u ted  t o  g iv e  t h e  p e r c e n t a g e  f l u x  r e t u r n i n g  a f t e r  
o n l y  o n e  w a l l  c o l l i s i o n  a s  0 . 51^ .
I I .  S p e c u l a r  R e f l e c t i o n
C o n s id e r  t h e  e f f e c t  o f  a p p r o x im a t in g  t h e  s p h e r e  t o  a  c y l i n d e r  
o f  l e n g t h  2 r  a n d  r a d i u s  r .  T he v o lu m e  o c c u p ie d ,  a n d  h e n c e  t h e  
f l u x  i n t e r c e p t e d  b y  t h e  c y l i n d e r  w a l l ,  w i l l  b e  g r e a t e r  t h a n  t h a t  
f o r  t h e  s p h e r e .  T he a p p r o x im a t io n  p r o d u c e s  tw o  c y l i n d e r s  w hose 
s u r f a c e s  a r e  p a r a l l e l ,  a n d  t h u s  t h e  s y s te m  may b e  c o n s i d e r e d  a s  
tw o  p a r a l l e l  p l a n e s  ( f i g u r e  A I I  ( i i ) ) .  F u r th e r m o r e  t h e  r e f l e c t e d  
f l u x  i n t e r c e p t e d  b y  t h e  i n n e r  c y l i n d e r  may b e  r e p r e s e n t e d  b y  a  
m i r r o r  s y s te m  a n d  h e n c e  t h e  im a g in a r y  im ag e  o f  t h e  i n n e r  c y l i n d e r  
m ay b e  u s e d  t o  f a c i l i t a t e  t h e  c a l c u l a t i o n  ( f i g u r e  A I I  ( i i ) ) .
T he i n n e r  c y l i n d e r  s u r f a c e  r e p r e s e n t s  a  p l a n e  o f  l e n g t h  2 r  a n d  
w id th  2 n r ,  w h e re a s  t h e  im ag e  i s  o n ly  o f  w id th  n r ,  s i n c e  o n ly  h a l f  
t h e  c y l i n d e r  i s  s e e n  on r e f l e c t i o n .  T he d i s t a n c e  z i s  t h e  
d i f f e r e n c e  b e tw e e n  t h e  t h e  r a d i i  o f  t h e  i n n e r  a n d  o u t e r  c y l i n d e r ,  
i . e .  X -  r .  T he f r a c t i o n  o f  f l u x  e m i t t e d  fro m  [N ] w h ic h  r e t u r n s ,  
i s  t h e r e f o r e  t h e  r a t i o  o f  t h e  s o l i d  a n g le  r e p r e s e n t e d  b y  t h e  p y ra m id
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[n  J  K L M] t o  a  h e m is p h e re  o f  r a d i u s  [N • To s i m p l i f y  t h e  
c a l c u l a t i o n ,  t h e  p o i n t  N i s  t a k e n  a s  t h e  m i d - p o i n t  H ; a s  
H w i l l  r e c e i v e  t h e  h i g h e s t  f r a c t i o n  o f  s p e c u l a r l y  r e f l e c t e d ,  
a to m s  t h e  s i m p l i f i c a t i o n  i s  c o n s e r v a t i v e .  S im p le  t r i g o n o m e t r i c  
c a l c u l a t i o n ,  a s s u m in g  r  i s  4 mm a n d  x  i s  15 mm, g i v e s  t h e  r a t i o  
a s  5 . 1^ .  S in c e  t h e  a p p r o x im a t io n s  a r e  c o n s e r v a t i v e ,  t h e  t r u e  
p e r c e n t a g e  o f  a to m s  r e t u r n i n g  t o  a  s p h e r e  a f t e r  s p e c u l a r  r e f l e c t i o n  
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